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Preface 

The fungal kingdom is estimated at 2–4 million species, among which less than 5% 
have been formally described because of under sampling in fungal diversity studies 
[Ann. Rev. Microbiol. (2020) 74: 291–313]. The fungal kingdom has been 
organized based on genome sequencing into divisions, such as Ascomycota, 
Basidiomycota, Zygomycota, Glomeromycota, Blastocladiomycota, and 
Chytridiomycota. Fungi are capable of surviving in a great variety of growth 
conditions and biological interactions, and thus have significant economic impacts 
for humankind in many ways considering their effect on food losses through pre- and 
post-harvesting plant colonization, and human and animal diseases. Fungi are 
fundamental for biotechnological advancements, producing a vast majority of indus-
trial enzymes useful in several different processes, and also in the production of 
organic acids, antibiotics, foods, and beverages [Fung. Biol. Biotechnol. (2020) 7: 
5]. 

Fungal biology has emerged in the last decade as a very strong scientific field with 
a phenomenal surge in publications and understanding basic and applied biological 
processes. Traditionally, several fungal model systems have provided important 
biological discoveries commencing from George Beadle’s hypothesis “one gene— 
one enzyme” using Neurospora crassa as a model system in 1941. Genetic transfor-
mation systems and genome sequencing are being expanded to a plethora of 
filamentous fungi making it possible to understand specific ecological interactions 
with insects, mammals, and plants revealing highly sophisticated mechanisms of 
commensalism and pathogenesis, such as those found in arbuscular mycorrhiza and 
fungal pathogens. The recent developments in CRISPR Cas9 technologies for 
filamentous fungi will provide amazing opportunities for understanding various 
processes in fungi [Appl. Microbiol. Biotechnol. (2019) 103: 6919–6932]. 

The product range of filamentous fungi is not just limited to citric acid and 
enzymes. Organic acids beyond citric acid are itaconate, galactarate, and several 
others. Itaconate could replace petroleum-based polyacrylic acid, which is a precur-
sor for the polymer industry (absorbent polymers, polyester resins, synthetic latex), 
while galactarate could replace the current petroleum-based polyethylene terephthal-
ate (PET) used in producing plastics. 

In fact, the natural metabolic capabilities of filamentous fungi are extraordinarily 
diverse and unmatched in nature. Many companies around the globe are leveraging
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the power of filamentous fungi, with major players in Europe that include: AB 
Enzymes, BASF, Bayer, Chr. Hansen, Dyadic International, DSM, DuPont, Kerry 
Group, Marlow Foods, Novozymes, Puratos, Syngenta, and Roal Oy. In a more 
recent endeavour, biologists, chemists, bioinformaticians, bioengineers, process 
engineers, and material scientists have collaborated to turn by-products and waste 
from agriculture and forestry into composite materials with the help of mushroom-
forming fungi. 

vi Preface

The use of fungi as a source of food has long history. These have been predomi-
nantly the mushrooms from supermarket shelves and foraging expeditions. Morels 
had been first successfully cultivated commercially in Sichuan in 2012; it expanded 
to more than 20 provinces in China. The highest yield has currently reached 
15,000 kg/ha. Morel cultivation is characterized by its environmental friendliness, 
short cycle length, and high profit [Appl. Microbiol. Biotechnol. (2022) 106: 
4401–4412]. However, the yield obtained is unstable which makes morel cultivation 
a high-risk industry. 

There has recently been a move to create meat-like products from fungal myce-
lium grown in fermenters, rather than the solid fruiting bodies. This has allowed the 
introduction of ascomycetes, traditionally used as flavour modifiers in such foods as 
blue cheese, to enter the food chain as convincing meat substitutes. The earliest 
established of these companies is Marlow Foods, using Fusarium venenatum under 
the trade name Quorn™, but several other companies have recently shown an 
interest in this area, including Mycorena (using A. oryzae), Sustainable Bioproducts 
(using F. oxysporum) and MycoTechnology, using the basidiomycete Lentinula 
edodes. 

During the colonization of substrates, hyphae bind the organic particles together, 
while degrading them simultaneously. A composite material is obtained, consisting 
of a bulk of organic substrate bound together by the hyphal network, by inactivating 
the fungus before the substrate is degraded (e.g. by drying or by heat inactivation). 
Pure fungal materials are obtained by complete degradation of the substrate or 
removing the fungal skin from the substrate. Both pure and composite mycelium 
can be used for different applications. Stopping fungal growth during colonization of 
the substrate results in materials with properties similar to that of expanded polysty-
rene or other foams. Such products can be used as packaging material or for heat or 
acoustic insulation. 

Mushroom-based materials have the potential for uses in place of leather, textiles, 
and some plastics. The strength of pure mycelium of Schizophyllum commune is 
similar to that of natural materials, such as wood and leather. The flexibility and 
aesthetics of mushroom materials were first appreciated by artists and designers who 
used them to grow living art works. Similar to cement and plaster, mycelia will bind, 
harden, and set into a variety of solidified configuration. 

In order to shift away from a fossil-based economy and mitigate climate change 
triggered by the continuous industrial overproduction of CO2, many countries 
around the world, including those of the European Union, support the transformation 
to a renewable, bio-based, and resource-efficient economy.



Preface vii

Stronger mutual collaborations between scientists, engineers, artists, designers 
and industrial stakeholders, and vivid communication with the general public and 
policymakers will only ensure that the inter- and transdisciplinary science on fungi 
will create a path towards innovative breakthroughs that will create a sustainable 
economic future based on fungal cell factories for years to come. 

The book entitled Fungi and Fungal Products in Human Welfare and Biotech-
nology was planned and executed with the main objective of reviewing 
developments on different aspects of fungi and fungal products useful in human 
welfare and biotechnology. The book is divided into four parts: Part I entitled “Plant 
Growth and Sustainability” includes five chapters, Part II entitled “Fungal Metabolic 
Products” consists of five chapters (6–10), Part III titled “Fungi in Food Biotechnol-
ogy” contains three chapters (11–13), and Part IV entitled “Fungal Enzymes and 
Other Biotech Products” consists of eight chapters. 

The chapters of the book have been contributed by the expert mycologists and 
biotechnologists from India and abroad. The contributors have readily accepted our 
invitation and submitted well-written chapters within the prescribed timelines. We 
wish to thank all authors for their hard work in reviewing the developments and 
presenting in a smooth and readable format. 

We wish to acknowledge the efforts made by Springer Nature in publishing the 
book very efficiently in a short span of time. 

New Delhi, India Tulasi Satyanarayana 
Pune, Maharashtra, India Sunil Kumar Deshmukh
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Arbuscular Mycorrhizal Fungi: Role 
as Biofertilizers, Technology Development, 
and Economics 

1 

Karuna Sharma, Sarda Devi Thokchom, Samta Gupta, 
and Rupam Kapoor 

Abstract 

In pursuance of feeding the burgeoning population and achieving global food and 
nutrition security in the context of climate change, there is a pressing need to 
usher toward climate-smart, sustainable agriculture that is more resistant and 
resilient toward environmental abnormalities. In this regard, there is a progres-
sively increasing recognition of the integral importance of rhizosphere in ecolog-
ical sustainability, including the most widespread plant-symbiotic association, 
i.e., mycorrhiza. The endeavor for sustainability of agriculture is to provide 
enhanced crop production without defacing other allied, yet important, aspects 
of global ecosystems. This chapter dwells on how AMF (arbuscular mycorrhizal 
fungi) technology, which exploits AMF-plant interactions, is a potential way 
forward for achieving this goal. After placing emphasis on the ecosystem services 
generated by AMF and their direct role in plant nutrition, stress tolerance, and soil 
microbial diversity, the chapter provides an economic appraisal of the mycorrhi-
zal technology and highlights the existing constraints and lacunae in the technol-
ogy and its dissemination. The need for economic valuation of mycorrhizal 
technology and constraints associated therewith are also stressed along the 
chapter. The existing state of affairs of AMF technology and possible research 
trajectories that can be taken up are also discussed herein. The chapter also calls 
attention to the need for more applied research on the possible combination and 
assembly of AMF with other beneficial microbes and host genotype. Finally, 
future research goals aimed at maximizing the benefits of AMF technology are 
also discussed. 

K. Sharma · S. D. Thokchom · S. Gupta · R. Kapoor (✉) 
Department of Botany, University of Delhi, Delhi, India 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
T. Satyanarayana, S. K. Deshmukh (eds.), Fungi and Fungal Products in Human 
Welfare and Biotechnology, https://doi.org/10.1007/978-981-19-8853-0_1
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Keywords 
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1.1 Introduction 

Fungi are among the most primitive and largest life-forms that serve as the principal 
agents of organic matter decomposition, thereby contributing to carbon cycle suste-
nance. As mycorrhizal association of roots, they provide the primary mechanism for 
the capture of nutrients used by plants, hence contributing to the green cover on 
earth. The most important and widespread mutualism that exists on earth is between 
soil fungi, belonging to phylum Glomeromycota, and ca 80% of extant land plants, 
which is in a symbiotic relationship called “mycorrhiza.” The evolution of obligate 
root inhabiting fungi is one of the most important events in the process of 
terrestrialization of plants. DNA analysis and fossil preserves provide a tantalizing 
sight into the evolutionary history of this mutualistic plant-fungus relationship of 
great antiquity that dates back to 400–460 million years [1]. Based on their relation-
ship with roots, mycorrhiza can be categorized as ectomycorrhizal or 
endomycorrhizal depending on whether or not they invaginate into the plant roots. 

Since antiquity, this symbiotic group of fungi has been involved in multitudinous 
direct (accelerated nutrient acquisition, carbon reallocation, heavy metal immobili-
zation, systemic tolerance toward pathogens) and indirect (photosynthesis stimula-
tion, abiotic stress tolerance, refined soil health and conditioning) advantages to 
plants, with potential consequences to agricultural product quality, multi-trophic 
interaction networks, and soil quality [2]. In addition to the calibrated molecular 
dialogue with their hosts, the mycorrhizal fungi also interact with soil microflora, 
thereby rendering crucial ecosystem functions, and these interactions are further 
modulated by environmental (soil, climatic, ecosystem management) contexts. On 
all these accounts, the role of “vesicle- and arbuscule”-forming endomycorrhiza, i.e., 
vesicular arbuscular mycorrhiza (VAM), or nowadays known as AMF (arbuscular 
mycorrhizal fungi), has been widely acknowledged in considerably improving crop 
production and its performance while substantially shrinking the environmental 
footprint of production on large scale [3]. 

As a growing body of reports call to attention, the mushrooming global popula-
tion that corresponds to an exponential increase in the food demands has become a 
grave area of concern under alarming conditions of climate change. This calls out for 
an increased need of biofortification and intensification of agriculture. Though 
agricultural intensification seems to be a good approach to subdue the impending 
food crisis, it also holds serious threat to the environmental health. This all the more 
necessitates the paradigm shift of agriculture toward a sustainable production system 
that espouses for environmentally favorable practices [4]. With the view of sustain-
able agriculture, employment of biofertilizers, especially AMF, is advocated as a 
promising approach by volumes of publications on the subject [4]. The relevance of



AMF in sustainable food production is far and wide. In regions where phosphorus 
depletion in soil is a serious problem, AMF-based products have an edge in terms of 
cost-effectiveness over the application of conventional fertilizers. They are not only 
more economical and eco-friendly but are also efficient enough to thwart the impact 
of low phosphorus availability in soil [5]. The relevance of AMF as natural 
biofertilizers is acclaimed by the fact that they enhance the nutrient and water 
acquisition of plants from the soil in lieu of photosynthates, hence have a relevant 
role in ecosystem functioning. 
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In order to make use of AMF technology in sustainable agriculture, effective 
combinations of crop plants and interacting fungal partners could conceivably 
deliver high plant performance and nutritional quality under all combinations of 
soil and climate. However, much remains ambiguous regarding the specified 
mechanisms that influence these processes. On that note, this chapter highlights 
the benefits proportionated by AMF in intensification of sustainable agriculture, its 
role as biofertilizers, the status quo and development of AMF technology, and its 
cost economics. The review emphasizes on the possibilities and prospects of transfer 
of AMF technology into commercial practices while dwelling on the problems 
linked to quality inoculum production. Along this chapter, a holistic view on the 
benefits of AM symbiosis along with components, applications, and bottlenecks of 
mycorrhizal technology is presented. 

1.2 Role of AMF as Biofertilizer in Sustainable Agriculture 

The term “biofertilizer” [6] can be interpreted in numerous ways. By definition, 
biofertilizers are microbial isolates, used individually or in amalgamation, that have 
the potential to endorse growth and development of plants [7]. They have an edge 
over chemical fertilizers as microbes can form symbiotic association with plant roots 
and directly help in plant nutrition by readily converting complex organic 
compounds into simple ones, making them easily accessible to plants. In addition, 
chemical fertilizers are expensive to both farmers and the environment. With this, 
biofertilizers have gained attention with each passing day. Since AMF epitomize a 
key connection between soil mineral nutrients and plants, they are duly acknowl-
edged for their role as biofertilizers. The biofertilizer properties of AMF are fre-
quently ascribed to their ability to (i) positively influence the ecosystem, (ii) interact 
synergistically with other beneficial microorganisms, (iii) improve tolerance to 
a/biotic stresses, and (iv) upsurge bioavailability of mineral nutrients, especially 
phosphorus and nitrogen [8, 9]. 

1.2.1 Ecosystem Services of Arbuscular Mycorrhizal Fungi 

Restoration of ecosystem is one of the fundamental themes of global environmental 
policies [10, 11]. One of the targets laid by UN Convention on Biological Diversity 
for the years “2011–2020” is to reinstate at the minimum 15% of the degraded



ecosystems worldwide [12]. AMF, being keystone microbes with multitudes of 
ecosystem roles, are valued for ecological restoration (Table 1.1). Their ability to 
improve plants’ nutrient and water relation increases the survivalism and establish-
ment of plants in fields [13, 14]. They play a vital role in stabilizing soil structure as 
well [15]. During AM development, the hyphae of fungal symbionts grow out of 
host root system into the rhizosphere and form an intricately ramified network 
[16, 17]. This branched network represents approximately 50% of the total fungal 
hyphae in soil, thus contributing majorly to the soil microbial biomass [18, 19]. The 
hyphal network reportedly has the capacity to bind soil particles and refine its 
structure. Additionally, they secrete “sticky” hydrophobic proteins, known as 
glomalin, that confer stability of soil and can retain water [18, 20]. The consolidated 
effect of the wide-ranging hyphal network and glomalin is regarded to play a vital 
role in stabilizing soil aggregates, thereby resulting in increased soil quality and 
structural stability [20]. They further promote aggregation of soil by manipulating 
microbial population that can promote formation of soil masses [21, 22]. Thus, AMF 
improve both aggregation and stability of soil. Soka and Ritchie [23] reported that 
AMF can stabilize soil up to 5 months following the death of their host plants. 
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Table 1.1 Overview of ecosystem services provided by AMF 

S. no. AMF function Ecosystem services Reference 

1. Modification of root architecture 
and development of ramified 
common mycorrhizal network 
popularly called the wood wide 
web 

Increased plant anchorage to soil 
Promotion of soil aggregation and 
stability 
Transfer of carbon, nutrients, water, 
and defense compounds 

[30] 

2. Increasing nutrient and water 
acquisition by plants especially 
from the regions otherwise not 
accessible to plants 

Increase plant growth and 
development while minimizing the 
need of external fertilizer 
amendments 

[31] 

3. Secretion of the wonder protein, 
glomalin, into the soil 

Improve the texture and structural 
stability of soil as well as water 
retention property of soil 

[32–34] 

4. Protection against notorious 
pathogens 

Intensified tolerance/resistance of 
plants against pathogens while 
reducing physicochemical inputs 

[35, 36] 

5. Buffering against abiotic stress Improved tolerance of plants 
against salinity, drought, heavy 
metal pollution, mineral nutrient 
depletion, and temperature stress 

[37–41] 

6. Modulation in plant physiological 
and metabolic parameters 

Regulation of plant growth and 
development and improved quality 
of plant products for human health 
and welfare 

[42–45] 

Agricultural practices such as fertilization, monoculture, or excessive plowing 
have often been reported to adversely influence the diversity and abundance of AMF 
in soil [24]. A decrease in the fungal population can negatively affect stability of soil 
and subsequently intensify the menace of soil erosion, whose consequence must not



be taken lightly. For instance, in the UK, erosion of agricultural soil resulted in an 
estimated productivity loss scaling up to 9.99 million Euros per year [25]. On a 
human timescale, as soil is a nonrenewable resource, the repercussions of erosion are 
every so often cumulative and irreversible in most instances. 
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The status of mycorrhizal fungi and soil fertility also affect the plant species 
establishment [26]. It is theorized that mycorrhizal fungi are drivers and passengers, 
as well, of plant community succession [27]. In the course of ecological succession, 
while the status of AMF diversity governs the structure of the plant community of a 
specific site, the plant community also exerts its influence on AMF diversity and by 
doing so, further determines the composition of upcoming seral plant community 
[26, 27]. Hence, if compatible associations between specific plant taxa and AMF are 
obligatory for the existence of the mutual symbionts, disappearance of such AMF 
species can confine distribution of plant species [27]. Plant-AMF feedback is an 
imperative concept that can explain AMF’s role in succession. While positive 
feedback promotes the growth of primary successional communities, undesirable/ 
negative feedbacks endorse replacement of plant species to drive succession 
[28]. Keeping in mind the perception that pioneer species often face harsh environ-
mental condition during initiation of primary succession and mycorrhizal symbiosis 
delivers vital help for supporting growth of plants in extreme environments [29], 
AMF’s role in primary succession is justified. Nevertheless, pioneer herbaceous 
species were reported to have very low rates of mycorrhizal colonization, and late-
successional species evidently benefited from the symbiosis. These variations in the 
associations of AMF with pioneer and the late-successional species advocate that 
AMF may take part in an important and complicated, yet unfamiliar, ecological 
mechanism of primary succession [28]. 

1.2.2 Regulation of Soil Microbial Diversity and Interaction 
with Other Beneficial Microbes 

The hyphae of AMF and plant roots are the most copious source of carbon in soil 
[46]. Hence, they increase the energy supply for soil microbes to flourish. Rillig [21] 
documented that by influencing establishment of plant communities, AMF also 
regulate microbial communities of soil. Moreover, exudates of fungal hyphae can 
also stimulate growth of microorganisms found in the mycorrhizosphere. Neverthe-
less, the consequence is variable. While some microbes may get stimulated by the 
exudate, others can get inhibited [47]. Thus, mycorrhizal fungi may surge the 
diversity and population of microbes, which are favorable for plants’ growth. 

Mycorrhizal fungi also interact synergistically with other beneficial fungi such as 
phosphate-solubilizing fungi and decomposer fungi [48]. Therefore, presence of 
AMF is regarded to change subterranean litter decomposition rate owing to change 
in the biochemical profile in rhizosphere and interplay with decomposer fungi 
[48]. Phosphate-solubilizing fungi reportedly had moderate impact on plant nutrition 
on the condition that they were introduced alone and greatest effect was observed 
when they were introduced together with AMF corroborating the synergistic



interaction between the two microbes [49]. Moreover, mycorrhizal fungi are also 
reported to act antagonistically with root and leaf pathogens [48, 50]. 
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Mycorrhizal fungi are also reported to interact synergistically with each other. 
Several studies reported a greater effect of AMF when a consortium of inocula is 
introduced in comparison with single AMF inoculum [51]. Barea et al. [52], after 
continuous observation over the years, documented that employing consortia of 
native AMF spp. had the best effect on plant growth. A systemic review carried 
out on 306 studies by Hoeksema et al. [53] also showed that plant’s response was 
considerably less when treated with only one AMF species vis-à-vis multiple AMF 
spp. inoculation. This may perhaps be credited to the synergistic interaction among 
several AMF spp. As AMF spp. vary in their hyphal growth patterns and the 
branching frequencies, the variances perhaps mirror diverse strategies and occupa-
tion of different niches within the soil [50]. 

1.2.3 Arbuscular Mycorrhizal Fungi and Plant Nutrition 

The most appreciated contribution of AMF to plant performance is their capability to 
improve plants’ nutrient uptake [54]. AMF deliver water and mineral nutrients to 
host plants in exchange of photosynthates [31]. Mycorrhizal hypha emerges from 
plant roots and acquires nutrients, which are otherwise not accessible to roots, from 
soil volumes [55]. Moreover, owing to their relatively thinner hyphae in comparison 
with the roots, the hypha pervades into the microsites of rhizospheric soil and by 
doing so expands the surface area of root to 100- or even 1000-fold [52]. The 
mycorrhizal hyphae colonize the root cortex and develop profusely branched 
structures called the arbuscules, the active site for nutrient exchange between the 
symbionts [50]. By harnessing AMF’s potential to supply nutrients, the energy 
linked to fertilizer production as well as their application can be reduced 
considerably. 

One of the major issues in optimizing efficient fertilization is reducing the amount 
of nutrients lost, through leaching, to the environment. AMF reduce leaching of 
nutrients not only by increasing the nutrient interception via formation of 
mycorrhizosphere but also by augmenting nutrient uptake, improving soil structure, 
and nurturing other microbial community [56]. AMF spp. differ in their capability to 
cut down on nutrient leaching, thus highlighting the importance of AMF diversity 
[57]. In connection with this, van der Heijden [58] demonstrated that increased 
nutrient leaching in fertilized agroecosystems is a result of higher nutrient content 
and reduced AMF diversity. Hence, AMF can benefit plants grown under nutrient-
poor conditions [59]. In order to use AMF as biofertilizer for agricultural purposes, 
they must be incorporated in formulations, which will extend their shelf life, i.e., the 
time frame between its production and application in field (discussed in the 
subsequent section).
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1.2.4 Plant Stress Tolerance Mediated by Arbuscular 
Mycorrhizal Fungi 

Abiotic stresses hinder growth and development of plants, thereby resulting into 
extensive losses to agricultural productivity. Climate change and agrarian 
malpractices such as unwarranted utilization of pesticides and fertilizers have 
intensified the impacts of abiotic stress on plants and deteriorate the ecosystem as 
well. Drought, mineral diminution, heavy metals, salinity, and extreme temperature 
are some of the serious problems faced in various regions of the world [60]. It is 
foreseen that by 2025, one third of the arable land might disappear in Asia, two thirds 
in Africa, and one fifth in South America [61]. At this front, it is widely held that 
introduction of AMF in agriculture delivers tolerance to hosts against various 
stresses such as salinity, drought, heavy metals, temperature, herbivory, and diseases 
[40, 41]. Mycorrhizal fungi support growth and sustenance of host plants under 
various stresses by arbitrating complex communications between the symbionts and 
regulating a number of physio-biochemical processes resulting in increased photo-
synthetic rate, osmotic adjustment, stomatal regulation, and enhanced antioxidant 
system that help thwart the negative impacts of the stresses on plants [13, 62]. 

Mycorrhiza also support establishment of plants in heavy metal-contaminated soil 
by strengthening the defense system of host plants. Various reports in literature 
revealed the AMF-mediated impacts on accumulation of heavy metals in host plants 
[40, 63]. They immobilize heavy metal in the fungal hyphae, fix them in cell wall, 
sequester in vacuoles, or may chelate in the cytoplasm with other substances, thereby 
reducing the toxicity of metals in plants [64]. Furthermore, enhanced uptake of 
important immovable nutrients such as P, Zn, and Cu results in increased plant 
biomass, thereby leading to dilution of the metals in plant tissues [65, 66]. In 
summary, several processes that bring about metal tolerance by AMF include 
immobilization of metal compounds, adsorption to fungal chitin, chelation inside 
the fungal structures, and dilution effect caused by increased plant biomass. 

1.3 Arbuscular Mycorrhiza: Technology Components, 
Development, and Constraints 

Mycorrhizal technology can be defined as the set of measures to optimize local 
wealth and diversity of AMF in relation to functioning for building sustainable 
ecosystems. “Optimization” in this context is implied as increasing AM-induced 
benefits (in terms of yield and sustainability) at the farm level so as to obtain its full 
theoretical potential [67]. 

The main focus of applied research on AMF in sustainable agriculture could be 
centered on the development of mycorrhizal technology. Apparently, different 
techniques of production and application of AMF inocula are recognized as the 
essence of mycorrhizal technology [68], clearly addressing the decrease in AMF 
abundance and diversity in the agricultural fields. The conceptualization of frame-
work of mycorrhizal technology should be premised on a concrete understanding of



the ways of achieving resource-efficient agriculture with smaller footprints and 
minimal environmental impacts [67]. 
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1.3.1 Components of Mycorrhizal Technology 

As proposed by Rillig et al. [67], there are five components of mycorrhizal technol-
ogy, viz., (i) surveillance, (ii) management, (iii) database tools, (iv) plant breeding, 
and (v) mycoengineering. Surveillance refers to close monitoring and assessment of 
diversity of AMF in the field and its abundance in roots and soil. Management refers 
to (i) agronomic practices (tillage, application of fertilizers, irrigation patterns, and 
crop rotation) that can potentially influence the wealth and abundance of AMF 
species in the field and (ii) targeted approaches such as inoculation of plants with 
mycorrhizal inoculum or with that of mycorrhiza helper bacteria (MHB). Database 
tools represent an archive or repository of information regarding mycorrhizal abun-
dance and functioning linked with site-specific parameters (geographical, topo-
graphical, edaphic, etc.). Plant breeding is a critical component of mycorrhizal 
technology as AM associations are of obligate nature and mycorrhizal fungi cannot 
be multiplied without a suitable host. Engineering of mycorrhizal communities, 
popularly known as “mycoengineering,” represents an approach predicated in com-
munity ecology with an enterprise of developing and propagating the members of 
AMF with desirable attributes [67]. Inroads toward the establishment and progres-
sion of the components of mycorrhizal technology have been developed; however, 
demands for research and development are still varying. 

The development of mycorrhizal technology is thus a multicomponent interactive 
approach. Agricultural management practices, for instance, stringently monitoring 
the nutrient stoichiometry in agrosystems, including the quantity and ratios, could be 
very effective in modulating the mycorrhizal sprawl in the agricultural fields, as 
AMF phylotypes are very susceptive of nutrient quotient in the soil [69]. Albeit real-
time monitoring of diversity, abundance, and functioning of AMF is currently a huge 
bottleneck of this technology, but if successful, it would permit the detection of 
inimical agricultural practices, allowing explicit response at field level. When 
recorded across multiple fields and different time spans, these data can be deposited 
in the database, so that iterative optimization of local management intervention can 
be ensured. Selection of crop cover genotype is a parameter that directly influences 
the quality of host type for symbiosis, and thus, AMF abundance. In this context, 
collaboration of mycorrhizologists with plant breeders provides an enormous oppor-
tunity to select most fit genotypes that effectively get colonized with different fungal 
strains [67]. 

Microbial community engineering, also known as “mycoengineering,” is a rap-
idly progressing field in microbial ecology. The technique is grounded on the rapid 
and robust screening followed by selection of the outperforming candidates over 
multiple microbial generations. Engineering the entire consortia of microbes 
associated with AMF is very promising in fostering the next green revolution, as it 
is known that interaction with other soil microorganisms is very contributive in AM



functionality and vice versa [67]. Some of these microbes are synergistic with 
mycorrhizae in improving plant growth and health [70] and may also trigger root 
colonization by AMF [71]. Several AMF species are also reported to synthesize 
certain organic metabolites, volatile and nonvolatile compounds, to lure specific 
bacteria [72]. For instance, benzoxazinoid metabolites were found increasingly 
produced in root exudates of wheat under the influence of AMF, thereby eliciting 
chemotaxis in plant growth-promoting rhizobacteria (PGPR) [72]. This points out 
that interaction of AMF with a plethora of soil-dwelling microflora renders them 
capable of augmented delivery of nutrients to plants [73] and increased soil aggre-
gation [74]. Exploring and exploiting the potential of soil microbes, viz., rhizobia, 
PGPRs, and AMF, and their discrete or combinatorial application in soil can be an 
effective approach in increasing plant yield, ergo curtailing the inputs of conven-
tional fertilizers, and consolidating their stress tolerance mechanisms [41]. A huge 
body of literature serves to illustrate the favorable influence of dual/triple inoculation 
on plant growth and tolerance under abiotic stress [75–78]. 
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A very significant component of mycorrhizal technology is a dialogue with 
stakeholders and policymakers by means of workshops, advertisements, montages, 
awareness campaigns, or data-driven applications. Development of user-friendly 
apps would provide farmers with site-specific information and better aware them 
about the management practices and best AMF combinations to be used depending 
on the soil type, geography, climate, and crop system. The app will also provide 
suggestions to the farmers on the basis of input and would serve as a nexus among 
farmers, consultants, and consumers [67]. 

1.3.2 Commercialization of AM Technology: Mycorrhiza-Based 
Market and Products 

Mycorrhizal industry has leaped toward the industrial stage on account of exhaustive 
research and commercial applications, foregrounding the ecological, economical, 
and sustainable aspects of the employment of AM [68, 79]. Multifarious benefits of 
AM have capacitated their commercial application. That being said, the market 
volume of AM has bloomed considerably during past two decades. Since the 
1990s, there has been an exponential surge in the number of companies selling 
AM-based products. On a global level, the key contributors are located in Europe, 
Asia, North America, and Latin America [80]. India, followed by China, dominates 
the mycorrhiza-based market. Some of the major Indian manufacturers and sellers of 
mycorrhizal products are presented in Table 1.2. 

The Indian market has witnessed a dramatic explosion during the last 10 years, 
possibly because of promotion of usage of biostimulants by the Government of India 
and one of the prominent research institutes working on mycorrhizal biology, 
propagation, and technology - The Energy and Resources Institute (TERI) [81]. 
Indian government is taking initiatives to call forth the deviation from conventional 
farming to organic, low-input farming inputs. In comparison with bigger business 
firms, from the USA, Germany, Italy, the UK, Spain, and Canada that export their
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Table 1.2 Manufacturers and sellers of mycorrhiza-based products across India 

Form of AM 
propagules 

TERI New Delhi Ecorhiza-VAM/Nurserrhiza-VAM Powder 

Biotrack Technology 
Pvt. Ltd 

Chennai, 
Tamil Nadu 

RHIZAgold Granular 
form 

Safex Bio-Organics Anand VAM grow Powder/ 
granules 

Alex Bio Chem Delhi Natures Root Powder 

KCP Sugar and 
Industries Corporation 
Ltd. 

Andhra 
Pradesh 

Mycorrhiza VAM Granules, 
liquid 

Cadila 
Pharmaceuticals, Ltd 

Ahmedabad Josh Granules, 
liquid 

Cosme Biotech Goa Shubhodaya Powder/ 
granules 

Marutham Bio AgeS 
Innovations P Ltd. 

Coimbatore, 
Tamil Nadu 

VAM-101 VAM 
tablets 

ManiDharma Biotech 
Pvt. Ltd. 

Chennai, 
Tamil Nadu 

ManiDharma VAM Granules, 
liquid 

Neologie Bio 
Innovations 

Ahmedabad, 
Gujarat 

Mycorrhiza VAM technical granules 
(HDPE bag) and VAM liquid 

Granules, 
liquid 

Ambika Biotech Bhopal, 
Madhya 
Pradesh 

Root Care Powder 

Jaipur Biofertilisers Jaipur, 
Rajasthan 

MycoGold Powder 

Dr. Rajan Laboratories Tamil Nadu Mycorrhizas Powder, 
liquid, 
granules 

TARI biotech Thanjavur, 
Tamil Nadu 

Vesicular-arbuscular mycorrhiza VAM 
solution 

Jaiveek Food and 
Fertilisers 

Ahmedabad, 
Gujarat 

JFF VAM Powder, 
liquid 

Sundaram Overseas 
Operation 

Surat, 
Gujarat 

Vesicular-arbuscular mycorrhiza 
(VAM) 

Tablets/ 
liquid/ 
granular 

T. Stanes and 
Company Limited 

Coimbatore, 
Tamil Nadu 

Solid formulations of arbuscular 
mycorrhiza 

Powder/ 
granules 

Neesa Agritech Private 
Limited 

Ahmedabad, 
Gujarat 

Arbuscular mycorrhiza Powder and 
tablets 

Majestic Agronomics 
Pvt. Ltd. 

Una, 
Himachal 
Pradesh 

Arbuscular mycorrhiza Liquid 

Birmon Biofertilizers 
Corporation 

Delhi EmraldBio Liquid 

Krishidhan Seeds Pvt. 
Ltd. 

Dwarka, 
Delhi 

Arbuscular mycorrhiza Powder
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mycorrhizal products across geographical borders, the AM business is still a mar-
ginal enterprise for the local or regional markets [80]. Asia Pacific is the largest 
mycorrhiza-based biofertilizer market, with the European market being the fastest-
growing and leading market for biostimulants. As projected in a report of the year 
2019, AM-based market is valued at 268.8 million USD and is estimated to escalate 
to USD 621.6 million in 2025; the market is expected to experience a healthy growth 
rate in the years ahead. On a global scale, five major companies dominate the 
AM-based biofertilizer market, namely, Agri Life (UK), Agrinos (USA), Symborg 
(Spain), Sutane Natural Fertiliser (USA), and Valent BioScience LLC (USA) 
[82]. The major domains of application of commercial AM include horticulture, 
agriculture, gardening, forestry, landscaping, revegetation of degraded land, roof 
plantings, mycoremediation, and research [80].
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Table 1.2 (continued)

Form of AM 
propagules 

Greenmax Agrotech Coimbatore, 
Tamil Nadu 

Gmax VAM Powder 

AgriLife Hyderabad, 
Telangana 

AgriVAM® Rhizophagus 
irregularis 

Powder, 
liquid, 
granules 

Sophisticated understanding on AM symbiosis has glorified the commercial 
perspective for implementation of AM technology in various domains. Notwith-
standing colossal potential of AM in agriculture, these are consciously introduced in 
a handful of industries [83], and the complete remunerative use of AM technology 
has yet to prosper. The progressive globalization and breakthrough technologies in 
conjunction with financial pressures are prejudicial to the dynamic biotechnology 
environment, which has further impacted the mycorrhizal industry. In developing 
countries, like India, AM technology will be the cynosure of all industries as the 
demand for low-input, organic food will increase. However, the process of transfer-
ring this proposition into a successful venture is facing blockades due to insufficient 
knowledge dissemination and lack of consultancy services. Consequently, mycor-
rhizal technology has landed up in reappropriation of technology or intellectual 
property [84]. 

1.3.3 Methodologies for Large-Scale Production of AMF 

Mycorrhizal technology offers prospective benefits to small and marginal farmers 
who stand in dire need of economically feasible (low-cost) inputs to accelerate 
productivity of crops of high economic value (cereals, legumes, and horticultural 
crops, among others) [85]. Taking into account the immediate need for economically 
sustainable agriculture, dearth of inocula is a major roadblock for large-scale pro-
duction of pure, pathogen-free, and highly infective AMF. Cultivation of AMF 
under axenic conditions is placed at the cutting edge of the headway of knowledge



on the use of biofertilizers. Various techniques have been proposed that can be used 
for bulk production of AMF on commercial scale, namely, nutrient film technique 
(NFT), aeroponics, root organ culture (substrate-free), and trap culture method 
(substrate-based). The quality and quantity of inoculum produced by the aforemen-
tioned systems are variable and consequently reflect on the net production cost [85]. 
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Substrate-free techniques: Nutrient film technique, alias circulating hydroponic 
culture technique, can be used for rigorous production of AMF inocula but under 
stringently defined conditions. In NFT, the plant roots remain immersed in a thin 
layer of nutrient solution (i.e., film) flowing inside an inclined channel where plant 
roots and AMF fungus develop [85, 86]. Continuous optimization and maintenance 
of pH and nutrient concentration is ensured in the flowing nutrient solution [87]. The 
solid mat of plant roots that develop inside the gulls (NFT channels) are ideal for the 
production of concentrated, voluminous, and easily harvestable form of inoculum 
than produced by substrate- based methods (trap culturing in soil/sand/expanded 
clay). In aeroponics, on the other hand, the plant roots are suspended in nutrient mist 
rather than in flowing/static nutrient solution or in solid media [88]. Increased 
aeration of culture media is achieved by spraying of microdroplets, and gas exchange 
is permitted by liquid film that surrounds the roots growing therein [86]. Ultrasonic 
nebulizer technology in aeroponics (that ejects microdroplets of 1 μm in diameter) is 
deemed as the most appropriate aeroponics method for G. intraradices cultivation 
using Sudan grass [89]. In substrate-free inoculum development systems (NFT and 
aeroponics), pre-colonized plants are introduced inside the system. Plant seedlings 
and AMF propagules are precultured in appropriate substrate in pots for several 
weeks. 

Employment of root organ culture (ROC) is a good alternative for anexic 
production and propagation of AMF inoculum. Preliminary attempts to culture 
AMF in vitro date back to the 1950s. Since then, ROC has been used rigorously to 
study the biological function of AMF and also for bulk production of pathogen-free 
AMF inoculum. Mechanistically, plant roots are transformed by T-DNA of Ri 
plasmid of Agrobacterium rhizogenes, and the pathogen condition thus induced is 
known as hairy root [90]. These hairy roots are biochemically and genetically fixed 
and can be propagated in hormone-free media [91]. ROC is a significant tool to 
understand the biology of AMF and achieve bulk production of its monoxenic 
inocula [92]. Several Glomus species (e.g., G. microcarpum, G. intraradices, 
G. mosseae, G. fasciculatum, and G. margarita) have been successfully used to 
set up substrate-free inoculum production [[92–95]; Table 1.3]. 

Each of these systems has associated pros and cons. Aeroponics technique offers 
to be a good technique in terms of rapid and profuse sporulation and root coloniza-
tion owing to the highly aerated rooting environment. With both aeroponics and 
ROC, high-quality monoxenic culture is produced, whereas chances of contamina-
tion through NFT are very high. Moreover, complete immersion of root system into 
the media dramatically reduces the oxygen availability and establishes a zone of 
“nutrient-poor” water around roots. The major challenge affiliated to NFT and 
aeroponics is extra maintenance in terms of several major aspects, viz., nutrient 
concentration, temperature, pH, gaseous atmosphere, droplet size, and mist cycle



(for aeroponics). When all aspects are taken into consideration, ROC offers apparent 
advantages over other systems, allowing the observation of AMF development and 
morphology in vitro [85] while allowing AMF to finish their life cycle [106]. The 
edge of ROC over the other two techniques comes from the fact that physicochemi-
cal and biological parameters of the system can be conveniently controlled and the 
collection and storage of inoculum is also easy in petriplates [85]. 
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Table 1.3 AMF propagule production in substrate-free cultivation system 

Fungus species Host plant Technique used Reference 

Glomus mosseae Zea mays Nutrient film 
technique 

[96] 

G. fistulosum Fragaria x ananassa Hairy roots [97] 

Glomus mosseae Triticum aestivum, Linum 
usitatissimum, and Sorghum 
bicolor 

Hydroponics [93] 

Glomus deserticola, 
Glomus etunicatum, 
G. intraradices 

Ipomoea batata Aeroponics [98] 

Glomus etunicatum Paspalum notatum 

Glomus intraradices L. usitatissimum Hydroponics [99] 

Glomus sp. (INVAM-
FL329) 

Paspalum notatum 
Allium cepa 

Hydroponics [100] 

Glomus intraradices Sorghum sudanense Aeroponics [89] 

Glomus intraradices Phaseolus vulgaris Hydroponics [95] 

Gigaspora margarita and 
Glomus intraradices 

Daucus carota Hairy root 
culture 

[101] 

G. simosum D. carota Root organ 
culture 

[102] 

G. mosseae Lactuca sativa NFT [94] 

Glomus microcarpum Vigna vexillata Ri-TDNA 
transformed 
hairy roots 

[103] 

Ipomoea batata [104] 

Rhizophagus irregularis D. carota Hairy root 
culture 

[105] 

Substrate-based technique: Conventional production of AMF inocula is carried 
out by cultivation of host plants and associated mycobiont in a soil-/sand-based 
substrate. The substrate-based production is often performed under optimized 
conditions of light, temperature, and humidity in greenhouse or growth chambers. 
Based on the prevailing climate and host plant, large-scale production is achieved in 
open air on field plots [86, 107]. The mother inoculum used in mass production is 
mostly a single known AMF species (monoculture) or a consortium of known 
selected AMF species, while on-farm (open air) production is mostly started with 
AMF species indigenous to that site [107]. The initiator inoculum constitutes a 
mixture of spores, chopped and dried mycorrhized roots of the host, as well as the 
soil containing the AMF spores and hypha [108]. A wide range of plant hosts, 
namely, Zea mays, Allium spp., Coleus spp., Paspalum notatum, Trigonella foenum



graecum, Trifolium spp., Medicago sativa, and Sorghum vulgare, among others, are 
frequently used for mass production of AMF. The choice of host plants used for 
propagation of AMF species is based on multiple aspects, the trap plants must 
preferably have a short life cycle, robust root system, tolerance to low phosphorus 
levels, temperature extremities, and pathogenic infection, and should possess 
discernable features in colonized vs. uncolonized roots, as in case of maize and 
leek, colonized roots develop yellow appearance as opposed to uncolonized white 
roots [109]. 
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One of the important determinants for inoculum production is host-dependent 
sporulation of AMF species. Gaur and Adholeya [107] inferred from their study that 
the degree of propagule production depends on the host species. High intraradical 
colonization percentage is important for the achievement of a mixed spore-root 
inoculum, which might not be a complete necessity for production of spore inocu-
lum. Thus, the choice of inoculum partially determines the host plant and associated 
fungus chosen [86]. 

Various substrates such as peat, glass beads, compost, perlite, and vermiculite or 
calcinated clay are also used for conventional production of AMF inoculum 
[94, 110–112]. Vermiculite and perlite (comparatively inert carriers) are used to 
adulterate nutrient-rich compost/soil [111]. In reverse, nutrient-rich organic 
substrates (e.g., peat) can be used to fertilize nutrient-deficient soil. The addition 
of glass beads or river sand (amendments) helps in facilitating easy harvest and 
cleanup of fungal mycelia from debris [110]. The dimension of substrate particles is 
an important regulator of aeration, moisture content, and drainage (porosity) thereof. 
These parameters have been found to, in turn, influence the degree of sporulation of 
AMF [107]. Furthermore, alteration of nutrient regimes has also been shown to 
influence the production of AMF propagules [111]. Generally, low-nutrient 
conditions (low phosphorus) are deemed favorable for AMF colonization. Guar 
and Adholeya [108] reported increased production of G. intraradices grown in 
association with maize in sand substratum amended with nutrient solution devoid 
of phosphorus. Likewise, amendment of sand-based system with phosphorus con-
centration (>2 μM) ensued in poor sporulation levels in AMF species (Glomus 
mosseae, G. etunicatum, and Gigaspora margarita). Several other additional factors, 
such as pH, cation exchange capacity, light intensity, temperature, water content, 
and carbon allocation to roots, majorly influence the production of AMF 
propagules [86]. 

Substrate-based production of AMF is an extensively adopted technique owing to 
its cost-economics, i.e., cheap consumables and low labor and technical input. This 
system facilitates the production of dense masses of discrete or consolidated 
propagules of different species, as much as 80–100 propagules/cm3 [113]. However, 
this production system does not guarantee a contaminant-free output, nevertheless 
stringent quality control measures. In addition to that, these require large spaces and 
regulatory measures to keep pest and pathogen infiltration at abeyance [86]. As 
opposed to substrate-free production methods, the inoculum produced from 
substrate-based systems is not befitting for direct mechanical application [114].
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Fig. 1.1 Several application technologies and inoculation strategies of AMF inocula 

Post bulk production of fungal propagules, their formulation should be done in a 
way to ensure storage and distribution under a wide range of temperatures under 
guaranteed period, and subsequently their easy transport and application. For suc-
cessful colonization to result, AMF propagules should be in close proximity to the 
plant roots (Fig. 1.1). Inoculum formulation may also contain other helper 
organisms, such as MHBs or fungi, which cooperatively enhance desirable traits in 
the candidate plants. Majorly, there are five application technologies for AMF, 
namely, broadcasting, in-furrow application, seed dressing, root-dipping, and seed-
ling inoculation [83] (Fig. 1.1) However, the nature of final formulation may vary 
from a dry formulation to gel formulation or non-sterile liquid media [79]. 

1.3.4 Constraints in Mycorrhizal Technology 

The expediency of commercializing AMF inocula has been contingent on the ease 
and economics of extensive production and formulation of voluminous amounts of 
viable and efficacious mycorrhizal propagules with higher shelf life [83]. Primarily, 
large-scale production and in vitro propagation of AMF is limited by its obligate 
symbiotic nature; as established earlier, growth of AMF is completely host-
dependent. Despite explosion of studies on benefits of mycorrhiza and flourishing



enterprises vested in production of AMF inocula, the full potential of the current 
“mycorrhizal market” remains untapped. Other than technical challenges, the three 
major roadblocks for commercialization of AMF products include (i) quality assur-
ance of the inoculum, (ii) political constraints, and (iii) acceptance from consumers 
(farmers) [80]. The most premium way to warrant the quality of inocula produced is 
by ROC in sterile conditions; however, not all fungal species can be successfully 
propagated under in vitro anexic conditions. Quality production is a necessary 
requirement for basic research and application of AMF propagules [86]. Conse-
quently, invasive microbes might get inadvertently introduced into the fields 
[115]. Although no invasive AMF strain has been reported thus far, introduction 
of non-native species might be restrained by the indigenous AMF strains [86]. With 
regard to product quality, lack of regulatory bodies to put forth standard quality 
parameters has resulted in quality standards being “self-imposed” by the companies 
(manufacturers of AMF-based material) to ensure their best production [4], and 
those parameters might not be adequate enough for quality assurance of the inocula 
produced. 

18 K. Sharma et al.

Another problem of inoculation is the lack of consistent favorable results in the 
fields. At times, the abundance of native fungi in the target cultivation system is so 
much so that they can be adequately efficacious and cost of inoculation (purchase 
and labor) is not offset by the outcome. Another setback associated with mycorrhizal 
application is the intervention of agricultural practices, such as fertilizer/pesticide 
amendments, cropping patterns, tillage, and long periods of fallow, which hamper 
mycorrhizal association and development, more so on upper layers of soil 
[24]. Mycorrhizal development has been reported to be prejudiced by the extensive 
use of systemic fungicides and insecticides especially by the copper-based 
formulations of these chemicals [116]. Besides, the allelopathic effect of AMF 
through common mycorrhizal network (CMN) also accounts to the challenges 
affiliated with AMF technology [117]. On this front, more research trajectories 
should be directed toward exploring the implication of inoculum introduction in 
agroecosystems on allelochemical alterations, since CMN serves as “high ways” for 
the movement of secondary metabolites from donor to the candidate plant [79]. 

Mass production of AMF inoculum is a multiplex procedure involving necessary 
biotechnological expertise, as well as responsiveness to legal, cultural, ethical, 
education, and commercial requirements. Not all mycorrhizal products are authentic; 
many of them are “snake oils” that do not meet the promised deliverables of the 
product. Such products are falsely labeled as mycorrhizal inoculum; however, the 
actual contents are just quack remedies with very low or negligible quantity of AMF 
propagules [79]. The available over-the-counter AMF-based products differ in major 
degrees with respect to the number and abundance of species claimed to be present, 
number and volume of spores, and the nature of carrier media. The escalating market 
of spurious organic-/bio-based products and lack of strict quality checkpoints result 
in the delivery of bogus AMF products that can potentially impact the health of 
plants and natural resources [84]. Unfortunately, people at the receiving end of the 
inoculum, i.e., farmers and horticulturists, have limited or no provisions to test the 
efficacy or estimate the mechanism of these products before purchasing [79].
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Finally, not every plant-AMF combination is equally beneficial and effective; 
hence, it is preferable to screen different AMF strains for each crop to confirm the 
most favorable plant-AMF combination. Assembling the befitting consortia of host 
plant phenotype and soil microbiota is an underground revolution that will strive for 
ecological amplification in agriculture [118]. The retail and wholesale segment of 
mycorrhizal market has seen a remarkable outburst all through the last two decades. 
The clientele range is quite broad, starting from local gardeners and commercial 
growers to public and private institutions [101]. Much accentuation on organic 
farming and sustainable agriculture coupled with the concrete evidence of the 
encouraging effect of AMF on overall health, productivity, and fitness of crop plants 
has been consequential in bringing about the observed growth in AMF technology 
and industries. Economic feasibility of this technology accounts for its increasing 
prominence and appraisal as a sustainable strategy of crop production in the current 
layout of climate-resilient agri-technology [84]. 

1.4 Economic Evaluation of AM Symbiosis 

Time and again, the symbiotic association of AMF and plants has been deliberated 
referring to plant growth and yield, as they positively influence plants’ nutrition, 
yield, and quality of products, protect plants from a/biotic stresses, and provide other 
benefits such as soil structure improvement [21, 119, 120]. Despite the widely 
accepted fact that AMF play a vital part in attaining sustainable agriculture, a 
“state of confusion” still exists among farmers and regulatory bodies for adopting 
this technology. This, in itself, presents as a reason for why there is a need for 
economic assessment of this symbiotic association. In addition, as economic valua-
tion of AM symbiosis is seldom deliberated [111], examining its potential economic 
aspects in order to harness “mycorrhizal technology” is paramount. There are two 
schools of thought on the economic benefits of AMF. While one considers that the 
benefits imparted by AMF to farmers are exaggerated and extrapolated, the other 
counteracts by accentuating the indirect and non-tangible economic contributions of 
AMF such as their role in ecosystem functioning via promoting soil aggregation, 
reducing loss of nutrients/ nutrient leaching, and improving quality of yield and 
grain fortification [56, 67, 121, 122]. Hence, a detailed economic valuation of AM 
technology would increase its acceptability by farmers and policymakers worldwide 
[123]. Since AMF provide both quantitative and qualitative benefits, economic 
assessment becomes a bit difficult. It should be kept in mind that relying exclusively 
on monetary figures of cost and benefits would be misleading since this incomplete 
approach will not disclose their qualitative effects. As a result, economic assessment 
of this symbiosis should be carried out following both cost-benefit assessment 
method (CBM) used for the benefits imparted by measurable parameters and contin-
gent assessment methods (CM) for the benefits imparted by nonmeasurable 
parameters (Fig. 1.2).
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Fig. 1.2 Overview of the economic assessment methods of mycorrhizal technology 

1.4.1 Assessment of the Tangible Benefits Provided by AMF 

It is the most common form of economic analysis, often used to assess the net benefit 
of any technology/project [124]. For economic assessment of AMF through CBM, 
the parameters for which direct costing can be calculated are taken into consider-
ation. The net result of the symbiosis is taken into account for measuring its “cost” or 
“benefit” where satisfactory net result is considered as “benefit” and the undesirable 
net result as “cost.” The cost of mycorrhizal technology comes in the form of 
procurement and application of AMF inoculum (development of mycorrhizal tech-
nology). As discussed earlier in text, inocula can be produced using different 
approaches, i.e., substrate-based and substrate-free. Chen et al. [80] documented 
that the average cost of AMF inoculum production for semiprofessional users was 
approximately in the range of 10–50 cents (USD) per plant. Inoculum cost for 
commercial use in large agricultural scale was found to be relatively inexpensive 
[125, 126]. 

On the other hand, the monetary benefits of AMF can be estimated by quantifying 
the savings in expenses. For instance, it is well established that mycorrhizal fungi 
can improve plant nutrition, and this can be reproduced in the form of savings made 
in fertilizer application. Similarly, enhancement in crop yield and tolerance to 
a/biotic stresses brought by AMF in large scale can be converted into monetary 
assets in terms of insecticide/pesticide application costs and so on. It is worth 
keeping in mind that for such assessment, a hypothetical baseline, i.e., “absence of 
AMF,” should be defined to evaluate the net impacts of the parameters considered. 
However, absence of AMF in open-field soil is rare, thereby posing difficulty in 
estimating contributions of AMF in field conditions [127]. A study on cost-benefit 
estimation for commercial production of Rosa spp. showed that AMF inoculation



during plantation reduced application of fertilizers to 50%, thereby reducing the 
expenses on fertilizers and saving approximately 267 Euros per hectare per month 
[79]. Nevertheless, other studies on crops such as cereals reported AMF application 
to be expensive or ineffective [128]. Although there is still a controversy regarding 
application of AMF in agricultural field at present, it is high time that the “concerns” 
come in agreement on the need for developing better methodologies to evaluate 
AMF’s impact in agroecosystem, without which this potent natural resource might 
stay untapped [129, 130]. 
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1.4.2 Assessment of the Non-tangible Benefits Provided by AMF 

Contingent valuation is used to assess qualitative values or the nonmeasurable 
benefits of an organism such as AMF. Use of contingent valuation is important for 
complete assessment of mycorrhizal technology as AMF create social and environ-
mental impacts, which cannot be valued and thus get overlooked. The non-tangible 
benefits provided by AMF include enhancement in food quality such as grain 
fortification, improving soil structure by promoting formation of soil aggregate, 
preventing nutrient leaching owing to higher water retention capacity, and so on 
[21, 56, 120, 122]. In the past, contingent assessment was done for valuation of 
urban farming, land degradation and restoration, and biodiversity [124, 132]. Till 
date, contingent assessment on AMF has not been carried out yet. To summarize the 
process as adopted by previous assessment of urban farming, biodiversity, and so on, 
CM involves asking questions to respondents (stakeholders) much like in a survey, 
and the answers provided were used to assign monetary value [124]. For instance, 
one may ask how much a stakeholder would be willing to pay to get the individual 
benefits of mycorrhiza or to avoid risks caused due to its absence. The initial step in 
contingent valuation is determination of the specific nature of what impacts need to 
be valued [124] followed by identification of affected stakeholders (farmers, food 
markets, resource owners, agriculture agencies, planning and land use agencies, and 
environmentalists). Identifying stakeholders is critical to complete the analysis and 
establish credibility. The third step involves conducting a survey with the aim to 
measure its impact on a scale. The participants are generally asked to use a common 
scale to designate values for the impacts. Question preparation is principally an 
imperative step to obtain information. In such way, assessment of non-tangible 
benefits of AMF can be done by determining the value attached by stakeholders. 
All values in the questionnaire are defined to a scale, either monetary or trade-off, 
and later converted to monetary scale to summarize the final value [124, 133]. As 
contingent valuation relies on people’s response, controversy may arise in the 
integrity of value assigned to an item.
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1.4.3 Constraints in Economic Valuation of Mycorrhizal 
Technology 

The uncertain behavior of AMF under field conditions presents as a major limitation 
in encasing its benefits [134]. Their functioning in field condition depends upon 
various factors such as inoculation time, co-adaptability with partners, soil, agro-
nomic, and climatic factors [53, 131, 135]. An approach to approve economic 
benefits of AMF under field conditions can be ascertaining a relation between 
occurrence of the fungus and the influence on yield or other ecosystem functions. 
Various methods adopted in evaluating the economic benefits of mycorrhizal tech-
nology under field conditions include assessment of different variables for mycor-
rhizal effects, which at times poses risks of wrong assessment. Some source of 
wrong assessment of AMF benefits and their potential management strategies 
include the following: 

(i) Variation in the quality and function of the inoculum in field conditions. It has 
been reported that many fungal spores do not germinate in field [136]. As a 
result, the optimal density must be standardized taking into consideration the 
crop variety, soil type, and environmental condition. 

(ii) Estimating the total contribution of AMF to plant yield is tough as 
non-colonized plants (that serve as control) in fields are not usually found 
[128]. For this, preliminary studies on modeled agroecosystems should be 
conducted. 

(iii) The status of soil nutrient richness influences the occurrence and effectiveness 
of AMF. AMF inoculated in phosphorus-rich but nitrogen-limited soil report-
edly showed the fungi taking up the role of parasitic fungi, thereby hindering 
growth and development of host plants [53]. 

(iv) Compatibility of host and AMF varies [137]. Resultantly, the responses to 
fungal colonization vary among genotypes of both host and fungal symbiont. 
An in-depth knowledge of this complex interaction is necessary [135]. Best 
performing combination must be selected for each situation. 

(v) The interaction of AMF with the existing microflora of soil can be positive, 
negative, or even neutral. Hence, knowledge on such potential interaction will 
help in avoiding the risk of incorrect assessment of the mycorrhizal benefits. 

1.5 Status Quo and Future Research/Avenues 

Arbuscular mycorrhizal technology is a significantly beneficial and economically 
lucrative option than chemical fertilization and amendments. However, the transla-
tion of this technique to technology involves attenuation at several levels, determi-
nation of key rate-limiting factors, economically and environmentally safe inputs, 
and debottlenecking of production. Though AM technology is a straightaway option 
to intensify the productivity of ecosystem (both managed and natural), it encounters 
many constraints in its commercialization, not least in relation to the lack of



multilocation wide-ranging field trials under different ecological conditions and 
reluctance of end users to shift from energy-intensive system to an energy-
conservative system due to quality apprehensions of cultivators about available 
AMF inocula from varied sources [83]. With regard to this, legislative intervention 
coupled with promotion of this technology by influential bodies like IMS (Interna-
tional Mycorrhizal Society) is desirable to amplify the global acceptance of these 
biostimulants [80]. 
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Advocation and literacy drives on the promiscuous relation of plant-AMF could 
be effectual in unfurling new avenues and approaches for mycorrhizal industries so 
as to promote this technology in sustainable agriculture systems, guaranteeing the 
availability of quality product in the market. For commercialization of AM technol-
ogy to be completely accomplished, it should be efficient and outstanding in 
outcomes. Constructing an entrepreneurial culture affirmed by solid research frame-
work, network, and funding is another essential requirement [84]. Further, collabo-
ration between private firms and scientific community can be consequential as the 
development of the former can propel further research, which in turn will broaden 
the application and maturation of mycorrhizal industry [4]. 

Though AM technology is a promising approach, it is associated with intrinsic 
risks. The benefits offered by AMF inoculum are highly context-dependent, and 
administration of exotic genotype always bears the likelihood of environmental 
impacts thereof [53, 138]. The variability obtained in results makes the credence 
of agricultural community in the generability and efficiency of AMF precarious. 
Thus, AMF inoculum should not be used indiscriminately without proper knowledge 
of plant phenotype, rhizosphere microbiome, and community constitution of native 
AMF across different rooting depths. In view of the foregoing, more fundamental, 
descriptive research (both molecular and spore-based), it is needed to understand the 
vertical distribution of AMF in agricultural fields across the entire soil profile 
[139]. Regardless of three-dimensional nature of soil, the focus of researchers has 
mostly been centered on its shallow layers with virtually little or no consideration for 
the ecosystem contributions of AMF species from deeper realms of soil [140]. In this 
context, DNA barcoding of AMF, as promoted by Kruger et al. [141], and 
Stockinger et al. [142], provides the baseline of AMF traceability within the fields. 
Furthermore, crop breeding programs targeting the traits of mycorrhizal 
responsiveness are needed to leverage the benefits of symbiosis in crop production. 
Likewise, “crossing” of AMF (by anastomosis) and its subsequent culturing can 
produce genotypes with novel symbiotic features. Since anastomosis can happen 
only between compatible AMF isolates, the fungus can be bred for refined symbiotic 
characters by genetic intermixing between distant (but compatible) strains. This 
should be followed with screening of new strains with host plant of interest, 
facilitating the identification of best AMF segregant for each species of host [143].
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1.6 Conclusions 

Arbuscular mycorrhizal fungi occur in nature as community of organisms involved 
in a network of biotic interactions within the soil, dynamically responding to a range 
of environmental signals and management factors. This multiplex interaction of 
AMF in soil is quintessential complex ecological and evolutionary situation that 
rebels “one-size-fits-all” solution [67]. Thus, appropriate development of technology 
inclusive of all five components is coveted, with consideration for social 
sustainability and balanced economy, matching the complexity of plant-AMF 
interactions to better exploit the mycorrhizal symbiosis for achieving sustainable 
agroecosystems. Taken together, a better acquaintance of the relative contribution of 
AMF to any aspect of sustainability, cognizance of parameters influencing mycor-
rhizal effectiveness, and dilation of response variables for inventorizing mycorrhizal 
effects are major research needs that are crucial to reinforce the mycorrhizal 
technology. 
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Abstract 

Anthropogenic and natural activities-based ecosystem disturbances lead to left-
over degraded barren lands. Ectomycorrhizal (ECM) fungi play an important role 
in regulating the nutrient balance of the terrestrial ecosystem, assisting plant 
regeneration on disturbed lands by conferring improved tolerance against various 
biotic and abiotic stresses. There are several challenges and knowledge gaps in 
utilizing the ECM fungi for large-scale ecosystem restoration programs. For 
strengthening the successful utilization of ECM fungal applications in 
out-fields, this chapter has summarized the various applications, mechanisms, 
and considerable important parameters of ECM symbiosis in regenerating and 
improving host plant growth against diverse stress conditions such as drought 
stress, heavy metal stress, and forest fire, thus leading to the rehabilitation of 
degraded lands. Above all, the major challenge remains the production of large-
scale ECM fungal inocula for restoration programs. This chapter has summarized 
the various ECM inoculation techniques, including their merits and demerits. 
This chapter also highlights the essential role of ECM fungi in nutrient dynamics 
of host plants with soil and ECM fungal application as biofertilizers in agriculture 
and commercial nurseries, thereby replacing harmful chemical fertilizers. 
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2.1 Introduction 

Several anthropogenic activities result in degraded and barren lands [1]. Human 
advancements such as industrialization and advanced technologies increase heavy 
metal pollution in soil [2]. Apart from severely damaging plant growth, metal 
pollution also affects the immune system [3], human health [4], and soil microbiome 
[5] and also can be leached down to groundwater [6]. Anthropogenic activities also 
affect the earth’s balance between incoming and outgoing solar radiations leading to 
an increase in temperature [7], which results in enhanced cases of drought [8]. The 
population increase and water scarcity emerge as new challenges to fulfill crop 
production and food safety [9]. Among natural disturbances of the ecosystem, a 
forest fire is one of the severe global disturbances [10, 11] which deleteriously affect 
soil microbial community and plant growth efficiency on burned lands [12, 13]. Sev-
eral reports and evidence highlight ECM fungal potency as a strong biotechnological 
tool for bioremediation of human or naturally disturbed degraded lands. 

Ectomycorrhizal (ECM) fungi are the ubiquitous plant symbionts of temperate 
and boreal biomes colonizing the roots of woody plants such as Picea, Pinus, 
Acacia, Eucalyptus, and Larix [14]. Most of the ECM fungi belongs to 
Basidiomycota and Ascomycota [15] and plays a very crucial role in nutrient cycling 
of the terrestrial ecosystem by exchanging soil nitrogen (N), phosphorus (P), potas-
sium (K), and water with plants in return of their photosynthetically drawn 
carbohydrates [16]. ECM fungi are the main drivers of N and C dynamics in the 
forest ecosystem [17] and significantly influence the growth and survival of other 
soil microorganisms, including saprophytic fungi [18–20]. 

ECM fungal traits are crucial in afforestation programs for biodiversity conser-
vation and forest management [21]. ECM fungi help to regenerate post-fire burned 
lands [22] and restore agricultural exploited lands [23]. They can also function as 
biofertilizers to replace the harmful chemical fertilizers in nurseries and agriculture 
[24]. ECM fungi play a critical role in establishing and enhancing trees’ growth 
under a primary succession of sand dunes [25] and volcanic desert [26]. The efficient 
defense mechanisms of ECM fungi against metal stress [27–29] and their root 
colonization chemistry [30] enable their host plants to withstand the toxic metal 
concentrations and drought stress, respectively. 

This chapter reviews and examines the ECM applications and roles in 
rehabilitating natural or human-mediated degraded lands. The chapter will give 
insight into (i) ECM role in nutrient cycling of terrestrial ecosystems, (ii) ECM 
symbiosis-based mechanisms behind improved efficiency of their host plants in 
tolerating various stress conditions, and (iii) various techniques to inoculate ECM 
fungi with plants roots under large-scale rehabilitation programs. An attempt has 
been made to look at the gaps, important aspects, and parameters required to make 
this symbiosis functionally applicable in out-fields, thus emerging as a more robust 
biotechnological tool.
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2.2 Nutrient Cycling of Ectomycorrhizal Fungi 

Autotrophs have restricted direct access to soil nutrients such as P and N [31]. In 
forest soils, N exists as part of different organic complexes, predominately proteins 
and amino acids [32]. The inorganic and organic phosphates are found as orthophos-
phate esters, inositol phosphates, and organic polyphosphates [34, 33]. ECM fungi 
play an essential role in nutrient dynamics of forest ecosystems by mobilizing 
unavailable soil nutrients to their host plants through nutrient mineralization in 
exchange for plant photosynthetic products [14, 35, 36]. The addition of nutrients 
in the soil alters the fungal behavior and shows plants to be more independent of 
fungi by not facilitating symbiotic association. The growth of ECM fungus 
associated with the Pinus pinaster plant is more likely to be independent of its 
fungal partner in case of applied fertilizers when nutrients are easily accessible, but 
the absence of fertilizers makes the plants grow prominently dependent on a fungal 
partner [37]. 

2.2.1 Carbon Cycling 

One of the earliest attempts by Melin and Nilsson [38] showed that the delivery of 
labeled 14 CO2 to the leaves of plants associated with ECM fungi results in 14 C 
appearance in the fungal mantle within the next day. In symbiosis, ECM fungi 
increase plant carbohydrate attraction toward root-fungal mycorrhizae and plant 
roots by the factor of 4–9 and 15–19, respectively [39, 40]. Host plant transfers 
the carbon (C) to their fungal partner in the form of simple soluble sugars, amino 
acids, and carboxylic acids [41]. The host roots secrete sucrose in fungal-plant 
common apoplast, which gets hydrolyzed by the plant-derived enzyme invertase 
bound to their cell wall [42–44]. The hydrolysis of apoptotic sucrose by invertase 
forms glucose and fructose in a 1:1 ratio followed by fungal preferential uptake of 
glucose over fructose, ultimately leading to fructose abundance in the common 
apoplast [43, 45]. The accumulated fructose in the common apoplast regulates 
invertase activity, as this gets inhibited in the host by fructose [43]. The surrounding 
sugar concentration is crucial in controlling some ECM fungal genes upon symbio-
sis. The ECM fungus Amanita muscaria upregulated the monosaccharide transporter 
gene (AmMst1) in symbiotic association with its host, enhancing sugar uptake [45]. 

Interestingly, in Laccaria bicolor, out of 15 predicted hexose transporters, six 
genes were found to be strongly upregulated in symbiosis, and only three out of six 
were proved to be hexose transporters in symbiosis [46]. The majority of the above 
genes showed independent sugar regulation in symbiosis, dividing them into two 
gene sets. One set is associated with the carbohydrate uptake by soil growing hyphae 
to use soil as an additional carbon source and prevent sugar leakage in starving 
conditions. Another group is associated with carbon uptake in fungal-plant symbio-
sis. Further, for the maintenance of carbohydrate sink in fungal partner, ECM fungi 
immediately utilize the obtained carbon in adenosine triphosphate (ATP) production, 
in amino acid biosynthesis, and for generating storage compounds such as glycogen



(nonmobile, long-term storage), trehalose, and mannitol (mobile, short-term stor-
age). Hence, the sugar export in symbiosis is regulated by controlling (i) sugar efflux 
at the common apoplast, (ii) hydrolysis of sucrose by invertase, and (iii) root and 
fungal competition for hexoses in the common apoplast [47]. Interestingly, the host 
plant carbon allocation to the ECM fungi is not dependent on the amount of N the 
plant receives from ECM fungi [48–50]. Both high and low N transferring ECM 
fungal species receive similar C content from their host plants [49]. The identifica-
tion of possible factors behind this exchange needs further investigation. 
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2.2.2 Nitrogen Cycling 

Though N is abundantly present in organic forms (amines, amides, heterocyclic N 
compounds, lipids, polysaccharides, and other decomposition products in soil 
organic matter) as well as mineral forms (NH4 

+ and NO3
-), there is limited access 

for forest trees [32, 51–53]. Besides the limited decomposition capabilities of ECM 
fungi, some studies have shown that ECM fungi retrieve N from inorganic sources 
and facilitate the plant access to organic forms of nitrogen present in soil organic 
matter (SOM) under N-depleted conditions [54]. The addition of excess inorganic N 
in the soil surrounding the host plant disturbs their mycorrhizal symbiosis and 
decreases the ECM fungal diversity [55]. The accumulation of SOM increases 
with the forest age, and the source of N also gets dominated in organic forms by 
this succession of the forest [56]. The ECM fungi secrete various extracellular 
proteases to degrade proteins for N mobilization. The aspartic peptidases are the 
most dominant enzymes secreted by different ECM fungi such as Hebeloma 
crustuliniforme [57], A. muscaria [58], L. bicolor [59], Paxillus involutus [60], 
and Suillus strains [61]. The protease activity of ECM fungi plays a role in N 
assimilation which is positively correlated with the availability of N sources, 
where carbon source availability also acts as an additional regulator of fungal 
protease activity. A large proportion of organic N in soil is associated with minerals 
[62]. Further, the protein compounds of SOM show firm binding to the mineral 
surface [63]. The SOM association with minerals makes SOM stabilized and recal-
citrant to the enzymatic decomposition by soil microorganisms [64, 65]. Recent 
studies suggested that N assimilation from protein complexes associated with 
minerals gets absorbed on the mineral surface, which is further facilitated by low 
molecular weight (LMW) organic complexes released by ECM fungi [62, 66]. The 
LMW complexes (metabolites) being reactive to the mineral surface prevent the 
protease binding to the mineral surface vacant sites and hence increase the probabil-
ity of enzyme binding to target proteins only [66]. However, some studies showed 
oxalic acid as the potential candidate for the liberation of organic complexes from 
minerals [67, 64], but the exact nature of these LMW metabolites is not yet 
adequately studied. Besides that, the Basidiomycetes and Ascomycetes, the prime 
candidates of ECM fungi [15], have excellent capabilities to produce secondary 
metabolites [68]. Furthermore, the proteolytic hydrolysis of proteins associated with



minerals is independent of the LMW metabolite-based desorption step and is direct 
in many cases [66, 69]. 

2 Role of Ectomycorrhizal Fungi in Human Welfare 35

2.2.3 Phosphorus Cycling 

In forests, the P cycling is mainly regulated by soil microbial biomass instead of its 
annual uptake by trees [70, 71]. ECM fungi mobilize the recalcitrant P from the soil 
to plants by secreting organic acids (citrate, oxalate, and malate), phytases, 
phosphomonoesterases, and phosphodiesterases [72, 73]. The P mineralization 
also involves the cleavage of ester bonds by fungal extracellular phosphatases to 
process unavailable phosphate for plant intake [74, 75]. ECM symbiotic trees are 
more efficient in utilizing nutrients in organic forms than the trees associated with 
arbuscular mycorrhizal (AM) fungi [76]. The dominant organic forms of P in soil are 
mainly found as phosphate monoesters, phosphate diesters, and inositol phosphate 
[77], and phosphatase activity has also been reported from ECM root tips frequently 
[78, 79]. In ECM plots, the community structure of soil fungi mediates the high 
enzymatic activities of fungi which leads to the occurrence of higher organic P 
complexes in ECM plots compared to AM fungal plots. The difference in fungal 
community structure on ECM and AM plots results in their varied phosphatase 
activity and availability of organic and inorganic forms of P [70]. Even though 
saprotrophic and ECM dominated assemblages of forest ecosystem showed similar 
oxidase and phosphatase activities, there is a slight difference in peroxidase and 
phosphodiesterase activities, thus suggesting the ECM fungal roles in increasing soil 
P availability for their host plants [80]. ECM fungi can also uptake the soil inorganic 
P through their P transporters, where the transporter activities vary depending upon 
different types of P transporters and P availability [81, 82]. Numerous inorganic P 
transporters have been reported from ECM fungi [83, 84]. The phosphatase activity 
of ECM fungi catalyzes the inorganic P release out from organic P complexes 
present in the organic matter [85], where the fungal phosphatase activity got 
enhanced under the P-deficient conditions in their host plants [86]. 

2.2.4 ECM Fungal Decomposition and Turnover 

The decomposition of ECM fine roots can deliver a massive amount of nutrients to 
the soil [87] and significantly influence the C and N cycling in an ecosystem 
[87, 88]. The decomposition of ECM fungi can be carried out by (i) autolysis by 
ECM fungus itself; (ii) bacteria typically from genera Pseudomonas, Duganella, 
Ewingella, Pedobacter, Stenotrophomonas, and Variovorax; and (iii) fungal genera 
such as Penicillium, Cladosporium, Mortierella, and Aspergillus and yeast 
[89, 90]. Microarthropods such as Folsomia candida can further facilitate this, 
which graze upon ECM fungi [92, 91]. The decomposition rates of ECM fungi are 
determined by several factors such as diversity of ECM community, cell wall 
composition, morphology, N concentration, and soil temperature. Melanin is present



in fungal cell walls as a complex polymer [93]; its concentration varies in different 
species of ECM fungi. The decomposition rates of ECM fungi are higher with a high 
concentration of N, chitin, and lower amounts of melanin [94]. The N richness in 
ECM fungi is a preferred target for decomposers in N-limited forest soils [95]. Soil 
temperature determined by trees canopy and climatic changes is positively correlated 
with the decomposition of ECM fungi [87, 96]. The ECM fungi with distinct 
morphology have different decomposition rates and are also significantly influenced 
by the composition of the ECM community [87]. 
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2.3 Biofertilizers 

In sustainable farming, biofertilizers, an addition to chemical fertilizers, increase 
plant production and fertility of the soil [24]. For decades, mycorrhizal plants have 
been well reported for their improved uptake of soil nutrients and water compared to 
non-mycorrhizal plants [31]. The symbiotically associated ECM fungus, Hebeloma 
hiemale, has a more positive impact on Prunus plant growth parameters than the 
control, compost, and chemical fertilizers under greenhouse conditions [24]. ECM 
fungi can also act as a bio-fungicide mainly based on their property to produce an 
antifungal chitinase enzyme. Among different ECM fungal species tested, Suillus 
species possess a high chitinase activity, whereas the indole-3-acetic acid (IAA) 
production is highest in Laccaria species. The IAA production from ECM fungi 
causes enhanced growth of their host plant seedlings in nurseries and hence 
highlights them as biofertilizers [97]. The ECM inoculation of Eucalyptus clone 
cuttings in commercial nurseries reduces the dose of P fertilizer required for host 
growth [98]. Trees growing in poor phosphorus soils show stomatal conductance 
and substomatal CO2 content similar to drought stress-induced responses in plants 
[99, 100]. Thus, P-deficient trees are more vulnerable to drought and other abiotic 
stresses than P-rich trees [100]. The ECM fungal inoculation with host plants 
efficiently enhances the plant P uptake compared to non-mycorrhizal plants, as 
shown in Table 2.1, thus promoting plant growth. The transformation of symbioti-
cally associated ECM fungi from supplier to the consumer of nutrients in unfavor-
able conditions might be the reason for the decreased P leaf content upon endo- and 
ECM fungal symbiosis [101]. 

Nitrogen has a crucial role in the plant photosynthetic system. Adequate avail-
ability of N enhances the photosynthesis efficiency and thus ameliorates the water 
use efficiency calculated as ratio of photosynthesis rate to transpiration rate 
[109]. Inoculation of Pisolithus tinctorius improves the physiological state of the 
host plant Quercus suber by increasing its N uptake, leading to increased photosyn-
thesis and water use efficiency of plants [108]. The potential of ECM fungal inocula 
in increasing N content of Pinus pinaster needles significantly varied with the fungal 
species, individual or co-inoculation of multiple ECM species, and phenotypic 
superiority of host plants [107]. The potassium (K) transfer efficiency of ECM 
fungi from soil to host plant depends upon ECM species and the available external 
concentration of K [104]. They also indicate the host plant species and its growth



conditions as the critical determining factors for their benefits from given ECM 
fungus. The combined application of ECM inoculation and exogenous calcium 
(Ca) on plant seedlings resulted in magnified mycorrhizal benefits to the host plant
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Table 2.1 Improvement in nutrient uptake by host plants due to mycorrhizal symbiosis by 
different ectomycorrhizal fungi 

ECM fungi Host Inoculation method Effects References 

Inocybe rimosa, 
Amanita crocea 
Singer, Tricholoma 
sp., Boletus comptus 
Simonin 

Quercus 
brantii 

Hydroponic culture 
system 

Increase in P 
uptake of host 
plants 

[102] 

Pisolithus sp., 
Rhizopogon sp., 
Scleroderma sp. 

Prunus 
avium 

Thin, concentrated, 
suspended powder 
of mycorrhizal 
propagules as 
inoculum 

Increased 
potassium 
(K) uptake and 
decreased P 
content in leaf 

[101] 

Suillus indicus 
Suillus sibiricus 
assisted with biochar 
prepared from pine 
needles 

Pinus 
wallichiana 

Mycelial 
suspension in 
sterile water 

Enhanced ECM 
colonization, 
nutrient uptake, 
and growth of 
host seedling 

[103] 

Hebeloma 
cylindrosporum 
Paxillus 
ammoniavirescens 
Laccaria bicolor 

Pinus taeda 
Pinus taeda 
Pinus taeda 

Homogenized 
mycelia suspended 
in a liquid 

Increased shoot K 
irrespective of 
external 
availability 
Increased shoot K 
irrespective of 
external 
availability 
Increased shoot K 
in sufficient 
external K 

[104] 

Lactarius sp., 
Scleroderma sp., 
Lycoperdon sp. 

Pinus 
elliottii 

Fungal liquid 
culture 

Increased plant 
growth and 
absorption of N, 
P, and K in plant 

[105] 

Amanita sp., 
Scleroderma sp., 
Elaphomyces sp. 

Eucalyptus 
urophylla 

Homogenized 
fungal mycelium 
inserted in calcium 
alginate beads 

Increased plant 
growth, ECM 
colonization, 
plant N and K 
uptake 

[106] 

Suillus 
bovines + Laccaria 
laccata + Lactarius 
deterrimus 

Pinus 
pinaster 

Mycelial or spore 
suspension 

Increased plant 
biomass and N 
content of pine 
needles 

[107] 

Pisolithus tinctorius Quercus 
suber 

Peat-vermiculite 
growth substrate 
colonized with 
fungal mycelium 

Increased N 
uptake and 
photosynthesis in 
host plants 

[108]



[110]. Based on the minor difference in ECM fungal richness reported from second-
ary forest restored from agricultural land and primary forests dominated with Korean 
pine, the restoration of agricultural land with nursery-grown plant seedling showed 
the great potential of ECM fungi to re-establish themselves on prolonged agricultural 
exploited lands in two decades [23]. The efficiency of ECM fungal inocula in 
improving the nutrient status of host plants under different stress conditions has 
also been discussed in the subsequent sections.
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2.3.1 Effect of Different Fertilizers on Natural ECM Fungal 
Community 

Several environmentally safe fertilizers have been introduced as alternatives to 
chemical fertilizers, including organic fertilizers, mineral fertilizers, and effective 
microorganisms (EM) mix. The utilization of EM mix to promote plant growth 
negatively impacts ECM fungal diversity and abundance, whereas the organic and 
mineral fertilizers remain safe for ECM diversity [111]. ECM fungi have an essential 
ecological role in the terrestrial ecosystem, and the different fertilizers significantly 
affect the soil ECM community. Here we have collected the various reports regard-
ing the effects of soil fertilization and fertilization period on soil natural ECM fungal 
community (Table 2.2). 

The ECM fungal richness is correlated with the density of plant fine roots, and no 
change in roots in K fertilization highlights later null effect on ECM fungal richness 
[112]. Wood ash fertilizer, a rich source of potassium [119], alters the plant root 
growth pattern and soil chemistry, thus changing the richness of the ECM fungal 
community [117]. In response to P and N limitation, symbiotic plants enhanced the 
C allocation to their ECM fungal partners to maintain K assimilation from soil 
[120]. The higher N input in soil due to N deposition or N fertilizers causes the 
elevation in N leaching [116, 121] and reduces the forest retention capacity 
[122]. The reduction in ECM fungal production upon increased N content from 
atmospheric deposition throughout two consequent years [116] also supports the 
negative impact of N deposition on ECM production. The ECM fungal reduction 
could be the reason for the reduced C allocation to ECM fungi by plants sufficiently 
applied with N and P. The N leaching increases due to N fertilization. No increase in 
N leaching was found further by adding both N and P fertilizers. The study suggests 
that N retention capacity alleviates due to reduced ECM fungus while keeping ECM 
fungal retention capacity constant [116]. The P and N fertilizers enhance the ECM 
fungal relative abundance without affecting their richness. The combined N and P 
fertilizer causes altered relative abundance of different ECM fungi at the order level 
[115]. The N fertilization reduces the plant root P content regardless of soil P content 
due to declined plant C allocation to root-associated ECM fungi [123]. This reduces 
P uptake by roots and restricts P in fungal biomass only and thus negatively impacts 
the host plant nutrition. The N fertilizer could be accompanied by P fertilization to 
compensate for the N input-induced tree P deficiency [115].
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Table 2.2 Studies showing effects of different fertilizers on soil natural ECM fungal community 
structure 

Treatment 
period Host Ecosystem

Effects on 
ECM diversity 
and abundance 

Potassium fertilizer ~8 years Picea 
abies 

Forest None [112] 

Nitrogen-, carbon-, 
and water-
sufficient fertilized 
soil 

Regular 
practice at 
nursery 

Scots 
pine 

Bare-root 
forest 
nursery 

ECM 
community 
dominated by 
Ascomycota at 
1-year-old 
seedlings 

[113] 

Compost as 
organic fertilizer 

Unspecified Picea 
abies 

Forest 
nursery 

Increases 
Ascomycota 
abundance in 
fine root 
colonization 

[114] 

Phosphorus 
fertilizer 

~2.5 years Fagus 
sylvatica 

Forest Relative 
abundance 
increased with 
no effect on 
fungal richness 

[115] 

Nitrogen fertilizer ~2.5 years Fagus 
sylvatica 

Forest Relative 
abundance 
increased with 
no effect on 
fungal richness 

[115] 

Nitrogen fertilizer 4 months Norway 
spruce 
forest 
(32 years 
old) 

Forest Reduced ECM 
production 

[116] 

Nitrogen fertilizer 
+ phosphorus 
fertilizer 

4 months Norway 
spruce 
forest 
(32 years 
old) 

Forest Reduced ECM 
production 

[116] 

Woo ash fertilizer 12 years Conifer 
forest 
stands 

Forest Increased and 
altered ECM 
fungal diversity 

[117] 

Effective 
microorganisms 
mix of naturally 
occurring and 
beneficial 
microorganism 

~4 months Fagus 
sylvatica 
Quercus 
robur 

Bare-root 
forest 
nursery 

Negatively 
effected 

[111] 

Organic fertilizer 
(Actifos) 

~4 months Fagus 
sylvatica 
Quercus 
robur 

Bare-root 
forest 
nursery 

Neutral [111]
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Table 2.2 (continued)

Treatment 
period

Effects on 
ECM diversity 
and abundance 

Mineral fertilizer 
(Busz Forte) 

~4 months Fagus 
sylvatica 
Quercus 
robur 

Bare-root 
forest 
nursery 

Neutral [111] 

Forest litter 2 years Pine 
seedlings 

Nursery Increases 
suilloid 
mycorrhiza 
abundance 

[118] 

Interestingly, the ECM community can respond to nutrition imbalances by 
altering the relative abundance of different ECM fungi at the order level. For 
example, their P sequestration ability increased the relative abundance of root-
associated fungi [124]. The ECM fungal community developed on young plant 
seedlings in nurseries is characterized by the dominance of Ascomycota over the 
Basidiomycota [113, 125, 126]. The Scots pine seedlings at barefoot forest nurseries 
dominated by Ascomycota ECM fungi on 1-year-old seedlings got replaced by the 
Basidiomycota in successive years. A high occurrence of Ascomycota on young 
seedlings is correlated with the high fertilization and water availability of nursery 
soil, as shown in Table 2.2, which also suggests the varying life strategies of ECM 
fungi [113]. The pre-treatment of pine litter with plant seedlings results in better 
ECM fungal community structure, as shown in Table 2.2, and root development. 
Later, it results in more occupied soil volume and thus enhanced water and nutrient 
uptake, ultimately increasing their survival rates upon out-plantations [118]. 

The inoculation with a single ECM fungus and multiple combinations gives 
varied plant growth results and nutrient uptake potential. The studies emphasized 
co-inoculation of numerous ECM fungi in specific combinations for better results 
compared to inoculation with a single candidate only [127–129]. The colonization of 
ECM fungi with some host plants can be improved by co-plantation of ECM fungal-
specific host plants, suggesting the selection of compatible ECM fungi for restora-
tion programs [130]. It is common practice to inoculate plant seedlings with ECM 
fungi at nurseries for healthy symbiosis establishment before their out-plantations in 
the field. The major challenge is establishing symbiosis with specific desired species 
to prevent contamination with unwanted species [131]. The success of ECM inocu-
lation depends on several factors, such as inoculum type, the viability of inoculants 
during storage, and infective potential [132].
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2.4 Drought Stress Tolerance 

Anthropogenic activities result in global warming with increased temperature [7], 
leading to increased drought cases [8]. It affects plant growth, seed germination, 
stomatal conductance, transpiration rate, and net photosynthetic rate [133, 134]. The 
large surface area and extended growth of fungal extramatrical hyphae for better 
water uptake are the direct mechanisms behind the improved growth of their host 
plants under a water-deficient environment [14, 135]. The longer the extramatrical 
hyphae, the higher the survival rates of host plants have been reported [136]. The 
ECM fungal partner has reported correlations with plant root hormones (abscisic 
acid and cytokinins) and aquaporins under drought stress in symbiosis. The cytoki-
nin is correlated to the plant aquaporins, whereas abscisic acid to the fungal 
aquaporins, which possesses high water transportation potential [137]. On the 
other hand, earlier studies suggested abscisic acid as a crucial regulator of plant 
aquaporins [138, 139]. In water-deficient conditions, the water retained in tiny pores 
of soil becomes unreachable for plant roots where the symbiotically associated ECM 
fungal hyphae can grow and improve water uptake efficiency of host roots for their 
better survival [140]. 

Ca2+ is reported as a plant key signaling molecule under environmental stress. 
The Ca2+ signaling protects the plants from drought stress by regulating stomatal 
closure, root water absorptivity, and stress-responsive genes [141–143]. The drought 
conditions cause a significant reduction in the transfer of extractable Ca from soil to 
host plant, which is efficiently improved by establishing ECM fungal symbiosis with 
host plants and promoting Ca-based drought tolerance in host plants. The drought 
stress-induced malondialdehyde (MDA) content in the plants causes damage to their 
cell membrane. The synergism of Suillus luteus with Trichoderma virens in the 
inoculum results in reduced MDA levels in the host plant upon symbiosis. In 
addition to this, T. virens induces 1,3-glucanase and chitinase production in 
S. luteus, suggesting the former as a stimulating factor [144]. The nonstructural 
carbohydrate (NSC) content, total starch, and soluble sugar content tend to decrease 
in plants under drought stress which can be alleviated by establishing symbiosis of 
plants with ECM fungi. The ECM fungal symbiosis can protect plants from carbon 
starvation and water deficiency by increasing stomatal conductance, enhancing 
photosynthesis, and increasing tissue soluble sugar levels, resulting in enhanced 
water absorptivity [145]. The increase in assimilative nutrient enzymes by ECM 
symbiosis with plant seedlings results in improved plant growth under water stress 
with enhanced C regulation and better uptake of N and P [146]. Hence, the reports 
shown in Table 2.3 point toward the ECM fungi as a potential biotechnological tool 
to restore or enhance plant growth on drought-affected lands.
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Table 2.3 Studies showing different mechanisms behind ECM symbiosis-based enhanced host 
plant survival under drought stress 

ECM fungi Assisting agent Host plant Mechanism References 

Suillus 
luteus 

Calcium 
(Ca) fertilizers/ 
exogenous 
Ca2+ 

Pinus 
sylvestris var. 
mongolica 

Upregulation in antioxidant 
enzyme activities of host 
plants against drought induce 
reactive oxygen species 

[147] 

Xerocomus 
chrysenteron 

Extractable Ca 
from soil water 

Quercus 
acutissima 

Enhance Ca transfer from 
soil water to plants 

[148] 

Suillus 
luteus 

Trichoderma 
virens 

Pinus 
sylvestris var. 
mongolica 
Picea 
koraiensis 

Reduction in 
malondialdehyde content 

[144] 

Suillus 
variegates 

None Pinus 
tabulaeformis 

Alleviating plant carbon 
starvation under severe 
drought stress 

[145] 

Pisolithus 
tinctorius 

None Quercus 
suber 

Altered lipid composition of 
host chloroplast to maintain 
its integrity under drought 
stress 

[149] 

Pisolithus 
tinctorius 

None Nothofagus 
dombeyi 

Enhanced plant growth and 
N and P content in ECM 
plants under water stress 

[146] 

Pisolithus 
tinctorius 

None Nothofagus 
dombeyi 

Enhanced carbon production 
in ECM plant roots under 
drought stress 

[150] 

2.5 Heavy Metal Stress Tolerance 

The heavy metal pollution in the soil is one of the significant environmental threats 
due to its accumulative nature and non-biodegradability. Both natural such as 
geologic parent material, volcanic eruptions, and wind-blown dust in deserts and 
anthropogenic activities such as agricultural, mining, sewage water, industrial, and 
transportation sources can be the reason for heavy metal pollution in the environ-
ment [151, 152]. From the total contents of heavy metals in the soil, 95% of arsenic 
(As) has been reported due to wastewater irrigation. In contrast, the large fractions of 
nickel (60%), manganese (88%), chromium (75%), and vanadium (76%) originate 
from natural sources. The significant proportions of copper (Cu) (81%), zinc 
(Zn) (70%), and lead (Pb) (93%) were reported to be accumulated from industrial 
origins [153]. The continuous intake of metal-polluted crops may cause severe 
effects in humans such as inhibition of ATP production and protein coagulation by 
As; kidney, liver, and brain malfunctioning by Pb; capillary damage and corrosion 
by Cu; and bloody urine, diarrhea, and vomiting by Zn [154–156]. 

ECM fungi can improve the survival of their host plants on metal-contaminated 
lands by minimizing the metal transfer to them [157]. In ultramafic soils of New



Caledonia, the dominant symbiosis of ECM with plants is shown to be the primary 
reason for plant-enhanced tolerance against extreme soil conditions [29]. Inoculation 
of Pisolithus albus isolated from the ultramafic soils of New Caledonia from 
Eucalyptus globulus and Acacia spirorbis resulted in increased transportation of 
deficient essential elements from soil to host plants and further protected the plant 
from harmful effects of heavy metals. It has also been reported that ultramafic soils 
do not minimize but promote ECM diversity [158, 159]. The fungal cellular 
responses against metals are very diverse (Fig. 2.1) due to their different metal and 
species specificity, where huge differences were even observed within species 
[160, 161]. 
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Fig. 2.1 Defense mechanisms of ECM fungi against metal stress. (a) Toxic high concentration of 
metal in the fungal exterior. (b) Cell wall barriers to prevent metal influx into cells. (c) Release of 
metal-chelating exudates from ECM fungi. (d) Metal influx through membrane transporters. (e) 
Metal sequestration in vacuole. (f) and (g) metal sequestration in the cytoplasm by glutathione and 
metallothioneins 

The mechanisms include the extracellular release of metal-chelating exudates 
such as oxalic acid, succinic acid, malic acid, and formic acid [27, 162]. The metal 
binding to cell wall components such as chitin, melanin, and cellulose prevents the 
metal influx [163, 164]. Further, the ECM fungi have efficient intracellular defense 
mechanisms such as membrane transporters for metal efflux and intracellular metal 
sequestering agents like metallothioneins (MTs), glutathione, and phytochelatins. 
The membrane ABC transporters, P-type ATPase, and a primary facilitator super-
family permease responsible for metal efflux are a strong defense against metal



toxicity in P. albus [165]. Metallothionein protein was first discovered by 
Margoshes and Vallee in 1957 [166] from the horse kidney cortex and had cadmium 
binding efficiency, which results in the accumulation of cadmium in the tissue 
[166]. MTs are the family of low molecular weight cysteine-rich conserved proteins, 
which bind to metal ions through the thiol group of their cysteine residues, playing a 
prime role in metal sequestration [167–169]. Numerous MTs have been reported for 
ECM fungi such as LbMT1 and LbMT2 from Laccaria bicolor [170], SIMTa and 
SIMTb from Suillus luteus [171], PaMT1 from P. albus [172], and AsMT1 from 
Amanita strobiliformis [173], which play essential roles in response to metal stress. 
Glutathione, an intracellular peptide, has high metal-binding efficiency with their 
thiol groups. It acts as a potential substance for oxidative stress prevention and its 
role as a precursor for phytochelatin biosynthesis [28, 174]. Phytochelatin from the 
peptide family also functions against heavy metal stress conditions [175]. The 
symbiosis of ECM fungi protects their host plants from heavy metal toxicity through 
their robust metal defense mechanisms. The ECM plants can accumulate more metal 
concentrations than non-ECM plants [176, 177]. Hachani et al. reported the reduced 
bioaccumulation of heavy metals in Pinus halepensis upon ECM symbiosis, thus 
enhancing phytostabilization efficiency [178]. Several studies also reported heavy 
metal accumulation in plants upon their symbiosis with ECM fungi, indicating ECM 
plants ameliorate phytoextraction-based phytoremediation of heavy contaminated 
lands [179, 180]. The differences in outcomes could be based on several factors such 
as heavy metal type, concentration in the outer environment, time of exposure, media 
used, and mycorrhization rates [178, 179]. 
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Both edaphic properties and vegetation cover have shown a strong relation to 
fungal richness. ECM fungi were found relatively higher in woody plant-dominated 
lands than AM fungi. The higher fungal richness was found at mined land relative to 
non-mined land, which is possibly the outcome of stockpiling topsoil before mining 
forming composite soil mixture from different sites carrying high fungal richness 
[181]. AM fungi play essential roles in the early stages of mining rehabilitation 
through their associations with naturally restored Acacia species or grass. In con-
trast, the ECM associations come into dominance at later stages over the establish-
ment of woody vegetation [182]. In mining site rehabilitation, Scleroderma sp., 
Laccaria sp., and Pisolithus sp. appear at initial stages, Cortinarius sp. at an 
intermediate stage, and Russula sp. at a later age. The Russula sp. prominently 
establishes symbiosis with mature trees and forests, which could be why they are 
late-stage ECM fungi. ECM fungal symbiosis is strongly related to aboveground 
vegetation [181]. In Lower Lusatia (Germany), the rehabilitation of lignite mining 
site with red oak attained dominant symbiosis of ECM fungus Cenococcum 
geophilum in almost all stands of the studied chronosequence [183].
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2.6 Restoring Burned Lands 

Forest fires are the natural and non-prescribed burning or combustion of plants 
leading to disturbance in the natural soil fungal community [184, 185]. The land 
burning causes removal of the organic soil layer and deposition of ashes leading to 
nutrient unavailability and creates partial soil sterilization, ultimately leading to the 
extinction of ECM fungi in local burned areas [186, 187]. Due to fire, the death or 
injury of ECM host plants causes an impact on ECM fungal communities [188]. For-
est fire causes a significant reduction in host plants, ultimately leading to reduced 
host roots, habitat for ECM fungal colonization, and young open canopy [12], where 
ECM fungal diversity increases with the canopy closure [56]. Intense wildfires can 
damage ECM fungal community, root tips, and soil biota higher than prescribed 
burns [13]. Several species of ECM fungi have fire-resistant properties based upon 
fire frequency and dependency [189]. ECM fungi produce extracellular enzymes that 
play essential roles in nutrient cycling, such as peroxidases and laccases produced by 
some ECM fungi function in accessing the unavailable nutrients in dead wood debris 
[190]. Intense wildfires can create empty soil niches devoid of roots and ECM 
community, occupied by surrounding surviving fungi, causing an altered ECM 
fungal community. Fire-induced competition relief among ECM species can recruit 
ECM fungal species with different enzymatic properties and induce ECM fungi to 
produce an altered subset of enzymes based upon changed edaphic features post-fire 
[191, 192]. Post-fire, the subgroup of heat-resistant ECM fungal spores or sclerotia 
can survive on burned lands [193]. The colonization of new fungal species occurred 
due to the fire-induced release of fire competition [194]. Furthermore, the soil of 
burned land has lesser pH levels, high extractable P, less total N, but more mineral N 
(easily accessible by plants) than unburned. The fresh weight of plant seedlings 
grown in burned soil is half of the seedlings grown in unburned soil, which could be 
explained most likely by changed soil chemical and physical characteristics after 
burning [37]. 

The ECM fungi significantly differ in improving their host plant growth on 
unburned and burned soils. The efficiency of ECM fungal inoculum in increasing 
plant growth varies on burned and unburned soils. The increased P concentration in 
ECM-inoculated seedlings on burned soils compared to control could be the reason 
for enhanced Pinus pinaster growth in burned soils when associated with ECM 
fungi, Rhizopogon roseolus, Suillus bovines, and Pisolithus tinctorius. The negative 
correlation of ECM colonization and N concentration in the shoot [22, 195] supports 
the dependency of mycelial development on N, which ultimately causes the N 
dilution in plants [22]. The dominant ECM species of soil showed the innate 
potential for resilience in the post-fire lands, which is why many studies reported 
the same dominant ECM fungal species on both burned and non-burned land 
(Table 2.4)  [196, 197]. It could take a long time for burned land to be colonized 
by the ECM fungal community present on prior fire land and even not observed after 
16 years post-fire [12]. The burned lands are dominated by ascomycetes in early 
fungal communities, slowly replaced by basidiomycetes [198]. Post-fire, different 
ECM fungi were identified at various stages of the ECM fungal succession on



burned lands, as shown in Table 2.2. For example, Rhizopogon olivaceotinctus has 
been reported to increase after the fire [189]. At the nursery, the ECM inoculation 
with Pinus pinaster plants causes the enhanced growth of host plants compared to 
non-inoculated plants on burned plots. The selection of compatible ECM fungi to 
enhance the growth of host plants under stress conditions is an initial and essential 
step to consider carefully [199]. 
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Table 2.4 Studies showing ECM fungal species different responses to post-fire conditions 

ECM fungi Description Ecosystem References 

Rhizopogon 
olivaceotinctus 

Abundance increases post-fire Pinus 
ponderosa 
plots 

[189] 

Rhizopogon roseolus, 
Cenococcum 
geophilum 

High frequency on both burned and 
unburned land 

Pinus 
sylvestris 
forest 

[196] 

Wilcoxina rehmii Dominant on both burned and unburned 
land 

Pinus 
ponderosa 

[197] 

Hebeloma 
mesophaeum 

Late colonizer of burned land (5–10 years) Pinus 
sylvestris 
forest 

[196] 

Cortinarius sp. Post-fire, abundance positively correlated 
to passing the time and reaches a 
maximum at 152 years’ site 

Boreal 
forest 

[198] 

Piloderma species Post-fire, abundance highest at 42 years 
and decreases afterward 

Boreal 
forest 

[198] 

Suillus species Dominant species post-fire Larix 
gmelinii 
forest 

[12] 

Several studies have been reported to identify fire-resistant ECM fungi that 
survived after the fire and to understand burned land chronosequence of the ECM 
fungal community. Besides the few studies regarding ECM fungal efficiency to 
enhance plant growth on burned land are available, extensive studies are lacking to 
date and hence are required to utilize the ECM fungi as a vital biotechnology tool for 
rehabilitation of burned lands. 

2.7 Inoculation Technologies 

The technology used to inoculate the ECM fungi with plant seedlings at commercial 
nurseries significantly impacts fungal efficiency to promote plant overall growth 
[132]. Broadly, the ECM fungal inocula used at commercial nurseries are of three 
different types: (i) natural inoculum such as soil and humus, (ii) ECM fungal spores, 
and (iii) vegetative mycelium-based inoculum [200]. 

Soil collected from tree plantations in natural forests containing the ECM 
propagules and roots were used as inocula in nurseries widely all around the globe 
[37, 201]. Inoculation of Pinus tabulaeformis seedlings with ECM-enriched



plantation soil results in enhanced plant growth and ECM colonization compared to 
non-soil treatment of seedlings. Soil inoculum could be used on a small scale only 
but is inconvenient for large-scale afforestation programs [202]. The risk of root-
colonizing pathogens in soil inoculum is its another demerit [203]. The in vitro 
preparation of ECM fungal inoculums includes various techniques and 
methodologies [204]. The in vitro ECM inocula perform better than plantation soil 
inocula [205]. The crude inocula are prepared by mixing disinfected fine fragments 
of roots with their growing substrate such as soil followed by inoculation with fungal 
suspension [206]. Besides the higher efficacy and viability of fungal spores [207], 
the spore-based inoculation method has some demerits such as limited production of 
basidiospores based on its seasonality, taking a relatively long time to grow, and less 
spore viability [132, 208]. The optimal fungal isolate selection is not possible based 
upon spore inoculation [209], suggesting vegetative mycelium-based inoculation is 
better [132]. Also, the root colonization obtained by spore inocula is less than 
colonization obtained by ECM vegetative inoculation [210]. The vegetation myce-
lial inoculum, being able to colonize seedlings with specified ECM species, requires 
isolations and maintenance of pure cultures, selection of compatible ECM species, 
fungal inoculum preparation, and inoculation with seedlings [200]. The ECM 
mycelium slurry prepared by blending mycelia in a liquid medium is one of the 
primary ECM inocula used to inoculate plant seedlings and is applicable only for 
small-scale inoculum production [211, 212]. 
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The large-scale production of ECM fungal inoculum remains the big challenge in 
its application-based utilization at commercial levels. The different techniques 
include (i) growing vegetative mycelium in peat-vermiculite mix [213], (ii) solid 
substrate fermentation-based ECM fungal propagation on growth medium [214], 
and (iii) submerged cultivation of ECM fungi which includes the insertion of 
homogenized mycelium (previously grown in liquid medium) in calcium alginate 
beads [132]. The latter is a highly compatible inoculum method for seedlings raised 
at commercial nurseries [98] and carries better protection of fungal mycelium for a 
more extended time [200]. The conditions of different substrates such as peat, 
compost, and bark compost significantly impact the mycorrhization rates, growth 
of host seedlings [215], ECM abundance [216, 217], and composition [218]. In solid 
substrate fermentation, besides the low cost of vermiculite, its bed-type structure 
provides proper aeration. The ECM cultivation in liquid culture medium requires 
identifying optimum agitation speed for production of high dry weighted mycelium, 
maintaining sufficient aeration conditions, and minimizing the shear forces where 
the agitation speed between 150 and 250 rpm is reported as optimal for mass 
production of ECM mycelium [219]. Despite ECM submerged cultivation’s better 
performance than solid substrate fermentation, the former technique has limitations 
of high contamination frequency and ECM fungal poor growth [220]. The 
ECM-inoculated seedling growth can be positively or negatively impacted by the 
nursery environmental conditions. The host seedling growth differs when inoculated 
with single ECM fungal species and inoculated with various multiple species of 
ECM [221].



48 E. Chot and M. S. Reddy

ECM fungi have another very essential aspect of invasiveness. The invaded ECM 
fungi can compete with beneficial native fungi for the resources and promote the 
co-invasion of non- native trees. This disturbs the natural ecosystem and proves to be 
harmful to humans in some cases. So introducing non-native ECM fungi in a 
particular area can emerge into other challenge for researchers regarding their 
management and eradication [222]. Under restoration practices, introducing exotic 
plant species can obstruct the native plant establishment and growth and influence 
several properties of an ecosystem, thus highlighting the need to check alien plant 
species introduction in various programs [223]. The symbiotic ECM fungi have an 
essential role in conserving endangered plant species programs that have been 
ignored in the past. The conserved ex situ endangered tree population on sites 
other than their native geographical areas does not automatically conserve their 
native ECM fungal species but rather is found in symbiosis with non-native ECM 
fungi gained from nurseries where seedlings are raised before field transplantations. 
It thus highlights the necessity of preventing non-native ECM fungal symbiosis with 
ex situ conserved endangered trees by introducing the native fungal partners to the 
latter artificially [224]. 

2.8 Future Trends and Conclusions 

Till now, numerous studies reported the ecological significance of ECM fungi, 
predominantly their critical role in nutrient cycling of the forest ecosystem and 
their potent ability to tolerate various environmental stress conditions. Furthermore, 
the symbiosis of ECM fungi ameliorates the plant nutrient and water uptake from 
soil and confers them a tolerance against biotic and abiotic stresses. ECM fungi as 
biofertilizer is highly efficient in replacing chemical fertilizers at commercial 
nurseries based on ECM-mediated ameliorated host plant nutrient and water uptake 
from soil. Based on the evidence collected, ECM fungal symbiosis is a powerful 
biotechnology tool for mediating plant regeneration on lands degraded by anthropo-
genic or natural disturbances. To establish successful ECM-plant symbiosis for 
rehabilitation programs, (i) ECM fungus species selection, (ii) compatibility of 
both symbiotic partners for each other, (iii) ECM colonization rate with host roots, 
(iv) native or non-native origins of both partners for targeted geographical areas, 
(v) soil composition and edaphic properties, (vi) ECM fungal inoculum type and 
inoculation technology, (vii) fungal mycelium exploration type, and (viii) symbiosis 
induction at nurseries before out-plantation in fields are the mandatory factors to 
consider which if done carefully, the success chances of restoration programs would 
enhance. Even after optimizing the best symbiosis parameters for restoration, the 
major challenge still remains in producing higher ECM fungal inoculum for large-
scale restoration programs, which requires more studies and standardizations. The 
standardization of various parameters discussed above is needed to focus on future 
studies for better utilization of ECM symbiosis in restoration programs.
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Abstract 

Soil health refers to its function as a living ecosystem. Food demand for the 
growing population necessitates boosting of crop productivity. Soil health and 
crop productivity are closely linked. Various chemicals are often added to the soil 
at higher doses in an effort to increase productivity, which in the long term 
deteriorates soil quality. The quality of soil is determined by the availability of 
essential nutrients. Healthy soil is vital for vibrant microbial diversity. An 
extensive range of microbes live in soil, which have a participatory contribution 
in modulating soil properties. The primary role of fungi in the soil ecosystem is 
decomposition, breakdown of complex substances, plant growth promotion, and 
biocontrol. Fungi have been extensively studied at pilot and field scale. 
Employing fungi for biocontrol is also a well-researched area and has a good 
representation of products in the market. The fungal role in plant growth promo-
tion is relatively an emerging area. This chapter focuses on the role of fungi in 
defining various functions that impact soil quality. A detailed analysis of the 
assimilatory actions, dissimilatory reactions, remediatory roles, ecosystem, and 
regulatory functions of fungi has been discussed. The primary role of fungi is in 
the soil ecosystem. Additionally, this chapter provides information on commer-
cial products derived from fungi that enhance soil health by way of nutrient 
acquisition, biocontrol, and bioremediation. The chapter also briefly describes the 
approaches through which fungi aid in restoring soil health. 
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3.1 Introduction 

Soil is important for each and every living organism, and it denotes arrangement of 
sand, silt, clay, and other particles that are bound together with certain organic, 
inorganic, and chemical forces. Soil serves as a growth medium for plants and a 
source of nutrients and provides a habitat for a vast group of microorganisms, which 
convert insoluble materials into soluble materials that are easily absorbed by plant 
roots [1]. Soil health is crucial for crop management and maintaining a sustainable 
agricultural ecosystem. Health of soil is defined as its ability to function as a living 
ecosystem that sustains biological productivity, maintains air availability, and 
supports plant, animal, and human health [2]. There are countless microorganisms 
present in the soil, particularly where plant roots meet soil which is popularly known 
as the rhizosphere zone. Some microorganisms have neutral, beneficial, or fatal 
influences on plant development and survival, whereas others help their hosts 
through various processes [3]. 

Fungi are an important beneficial factor for agriculture due to their tremendous 
plasticity and survivability in adverse or unfavorable environmental conditions. 
Fungi are an important aspect of the soil ecosystem, as they decompose organic 
matter and recycle soil nutrients in making them available for plant growth. 
Table 3.1 summarizes the key role of fungi in the soil ecosystem. The table provides 
examples of fungi that are known to improve soil chemical (Trichoderma harzianum 
E15, Glomus), physical (Rhizophagus intraradices, T. asperellum ACCC30536), 
and biological (Aspergillus flavipes, Trichoderma reesei) properties. The fungi 
significantly contribute to increasing soil nutrient availability and soil biomass 
[4, 5]. The significance of fungal extracellular enzymes and their role in overcoming 
abiotic stress such as salt and drought are also depicted in Table 3.1. 

3.1.1 Soil Health 

Soil quality is primary in maintaining plant health, and plant health is directly linked 
to crop productivity. Soil is increasingly considered a nonrenewable resource 
because its recovery is a very slow process once it has been degraded [13]. Soil 
parameters describe the state of the soil ecosystem, in particular its production, 
buffering, filtration, and other processes. The structure of the soil profile (soil 
class), type, depth and skeletal nature, humus material and available nutrients, 
reactivity, foreign substances, and soil edaphon all appear to be critical. Physical, 
chemical, biological, and biochemical qualities sensitive to changes in the environ-
ment and land management have a substantial impact on soil quality. Soil parameters
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Table 3.1 Impact of fungi on soil properties 

Parameters
studied

Impact on soil 
properties S. no. Fungi Soil properties

1 Glomus and 
Acaulospora 

Chemical Relationships 
between AM 
fungi and soil P 

Positive correlation 
between soil P and 
fungal spore count 

2 Trichoderma 
harzianum E15 and 
Trichoderma virens 
ZT05 

Chemical Rhizosphere soil 
nutrients 

Rhizosphere soil 
nutrient content of 
Trichoderma virens 
ZT05 treatment was 
higher than 
Trichoderma 
harzianum E15 
treatment 

3 Basidiomycota, 
Mucoromycota, 
Glomeromycota, 
Rozellomycota, 
Aphelidiomycota, 
Kickxellomycotina, 
and Planctomycetes 

Chemical Bamboo biochar 
concentrations on 
fungal diversity 
and chemical 
composition 

Positively affect 
nitrogen, 
phosphorus, carbon, 
and potassium 

4 Trichoderma 
asperellum CHF78 

Chemical Nutrient uptake Increased soil 
nutrient availability 

5 Septoglomus 
viscosum and 
Claroideoglomus 
claroideum 

Chemical Soil degradation Increased soil P and 
glomalin 
(a component of soil 
organic matter) 
content 

6 Trichoderma reesei Biological Soil quality Increase in soil 
respiration, and 
microbial 
biodiversity 

7 Suillus luteus Biological Seedlings growth 
under different 
water conditions 

Improved 
rhizosphere soil 
enzyme activity 

8 T. viride Biological Soil microbial 
biomass 

Increased microbial 
biomass of soil 

9 T. harzianum T-22 Biological Influence on 
rhizospheric 
microorganisms 

Positive influence on 
microbial 
communities in the 
rhizosphere 

10 Aspergillus flavipes Biological Soil enzymes Soil enzymes 
(urease, acid 
phosphatase, 
invertase, and 
dehydrogenase) 
were significantly 
increased 

11 T. asperellum 
ACCC30536 

Physical Soil moisture and 
pH 

Positive effect on 
soil moisture and pH 
stability
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Table 3.1 (continued)

Parameters 
studied 

Impact on soil 
properties 

12 Basidiomycota, 
Mucoromycota, 
Glomeromycota, 
Rozellomycota, 
Aphelidiomycota, 
Kickxellomycotina, 
and Planctomycetes 

Physical Soil pH Directly related to 
soil pH 

13 Trichoderma 
harzianum 

Physical Soil salinity Improved saline soil 
properties 

14 Rhizophagus 
intraradices 

Physical Nutrient 
absorption, 
photosynthetic 
and antioxidant 
enzyme activities 

Increased 
photosynthetic 
capacity, enhanced 
nutrient absorption, 
and increased 
antioxidant enzyme 
activities under salt 
stress 

15 Glomus lamellosum 
and Glomus 
etunicatum 

Environmental Seedling growth 
under drought 
stress 

AM fungi were 
effective means to 
improve the drought 
resistance of 
C. migao seedlings. 

17 Funneliformis 
mosseae BGC XJ01 

Environmental Tobacco seedling 
growth in drought 
stress 

Tobacco seedling 
growth significantly 
increased 

18 Rhizophagus 
irregularis and 
Funneliformis 
mosseae 

Environmental Seedling growth 
under water stress 

AMF can alleviate 
water-deficit damage 
and improve water 
stress tolerance 

19 Septoglomus 
deserticola and 
Septoglomus 
constrictum 

Environmental Tomato plant 
tolerance under 
combined drought 
and heat stress 

S. constrictum 
enhances the 
tolerance to drought 
and heat stress in 
tomatoes 

20 Funneliformis 
mosseae 

Environmental Abscisic acid in 
Zea mays 
seedlings 

Effective defense for 
better drought 
acclimation in water-
stressed maize 
seedling 

21 Botryosphaeria 
rhodina, Trichoderma 
koningiopsis, and 
Neurospora sp. 

Agriculture 
management 
practices [3] 

Screening of 
filamentous fungi 
under insecticide 
stress 

Fungi are capable of 
degrading 
insecticide 

22 Aspergillus oryzae 
and Trichoderma 
longibrachiatum 

Agriculture 
management 
practices 

Biodegradation of 
imidacloprid 

Fungal isolates 
immobilized in 
sodium alginate and 
agar disc facilitated 
biodegradation of 
imidacloprid
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are classified into physical, chemical, biological, and biochemical properties shown 
in Table 3.2. Physical properties involve bulk density, porosity, water retention 
capacity, soil temperature, etc. Chemical properties are total carbon and nitrogen 
content, soil reaction, and content of available nutrients. Biological properties are 
mainly microbial biomass and their activity, soil respiration rate and soil enzyme 
activity, etc. [14].

3 Fungal Ministrations in Soil Detoxification, Building, and Health Restoration 65

Table 3.1 (continued)

Parameters 
studied 

Impact on soil 
properties 

23 A. fumigatus and 
A. niger 

Agriculture 
management 
practices 

Biodegradation of 
chlorpyrifos 

Fungi degrade 
pesticide 
(chlorpyrifos) 

24 Trichoderma 
harzianum and 
Metarhizium 
anisopliae 

Agriculture 
management 
practices 

Organophosphate 
biodegradation 

Fungi showed the 
ability to degrade 
organophosphorus 
insecticides 

25 Trichoderma viride, 
Penicillium 
funiculosum, 
Aspergillus flavus, 
Fusarium oxysporum, 
Rhizopus arrhizus, 
and Acremonium 
strictum 

Agriculture 
management 
practices 

Chlorpyrifos 
biodegradation 

Fungi degrade 
chlorpyrifos 

Data sources: Jeffries et al., 2003 [6], Jimenez et al., 2016 [7], Li et al. 2019 [4], Mubekaphic et al., 
2019 [8], Dellagi et al., 2020 [9], Li et al. 2021 [10], Tarin et al., 2021 [5], Wang et al., 2021 [11], 
Ali et al., 2021 [12] 

Physical properties such as soil texture, bulk density, depth, water-holding 
capacity, drainage, aeration, and soil structure are important in determining the 
acceptability of soil for agricultural, environmental, and technological purposes. 
Physical properties of the soil are associated with supporting capabilities, water 
and nutrient movement, retention, availability to plants, ease of root penetration, and 
heat and airflow [15]. Soil physical properties also influence soil chemical and 
biological properties. The physical properties of the soil have an important role in 
determining microbial abundance. The fungal community thrives in sandy soils, 
while the bacterial community thrives in clayey soils. The proportions and content of 
soil components have a significant impact on nutrient concentrations and soil 
texture, influencing the soil microorganisms [16]. Table 3.2 presents an ideal 
range of different physical, chemical, and biological soil parameters that are integral 
to supporting both plant and microbial biodiversity. 

Soil chemical characteristics are linked to properties which have a direct impact 
on plant nutrition. Plants need several types of essential nutrients from the soil for 
their growth, and if any of the nutrients are inadequate in the soil, plants will not be 
able to grow properly. Chemical properties are soil pH, acidic, saline, sodic, and ion 
exchange phenomena (CEC and AEC). The most influential factor affecting soil
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Table 3.2 Status of soil parameters and influence of fungi on soil properties 

Actual field status
(Indian state 
mentioned in 
parenthesis) 

Research on fungal 
contribution for the 
special soil 
parameters 

Physical 
parameters 

Critical bulk 
density 

1.6–1.8 (gm/cm3 ) 1.2–1.5 db 
(gm/cm3 ) (district 
Kupwara, Kashmir 
Valley), 1.08–1.54 
gm/cc (South 
Sikkim) 

Norton et al., 2020 
[20]; Fall et al., 
2022 [21] 

Field 
capacity 
(FC) 

0.17–0.32 vol/vol 42.2%, v/v (Katihar 
District in 
northeastern Bihar) 

Norton et al., 2020 
[20] 

Porosity 
(POR) 

0.43–0.50 vol/vol 42 to 52,100 
(db/dp*100) 
(District Kupwara, 
Kashmir Valley), 
42.44 to 61.73% 
(South Sikkim) 

Frąc et al., 2018 
[22]; Lehmann 
et al., 2020 [23]; 
Norton et al., 2020 
[20] 

Wilting 
point (WP) 

0.025–0.20 vol/vol 16.5%, v/v (Katihar 
District in 
northeastern Bihar) 

Norton et al., 2020 
[20]; Fall et al., 
2022 [21] 

Water-
holding 
capacity 

5–50% 54.18% (South 
Sikkim) 

Frąc et al., 2018 
[22]; Norton et al., 
2020 [20] 

Moisture 
content 

10–45% 0.68 to 4.32% 
(South Sikkim), 
7.26–9.74% 
(Howrah districts, 
West Bengal), 3.92 
(Delhi) 

Frąc et al., 2018 
[22]; Norton et al., 
2020 [20] 

Chemical Organic 
carbon 

0.5–7.5% 0.5 to 0.8% (district 
Kupwara, Kashmir 
Valley), 0.67% 
(Katihar District in 
northeastern Bihar) 

Wilson et al., 2009 
[24]; Zhu et al., 
2016 [25]; Zhang 
et al., 2016 [26]; 
Mubekaphi et al., 
2019 [8] 

Organic 
nitrogen 

240–480 kg/ha 184 to 210 (kg ha-
1 ) (Buldana 
District, 
Maharashtra) 

Zhu et al., 2016 
[25]; Jansa et al., 
2019 [27] 

Organic 
phosphorus 

11–22 kg/ha 14 to 17 (kg ha-1 ) 
(Buldana District, 
Maharashtra) 

Xu et al., 2018 
[28]; Zhang et al., 
2018 [29]; Zhu 
et al., 2018 [30]; 
Rodrigues et al., 
2021 [31] 

Organic 
potassium 

110–280 kg/ha 130 (kg ha-1 ) 
(Karnal) 

Zhu et al., 2016 
[25]; Choudhary 
et al., 2018 [32]; 
Kour et al., 2020 
[33]
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F

health is soil pH. Carbon availability, food availability, metal solubility, and biomass 
composition of fungi and bacteria are all influenced by soil pH [17]. Soil organic 
matter also affects soil health because this matter contains essential nutrients for soil 
health. Organic matter is critical for maintaining the nutritional quality and water-
holding capacity of forest soils because it offers a suitable habitat and energy sources 
for the population of soil microbes [7].
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Table 3.2 (continued)

Actual field status 
(Indian state 
mentioned in 
parenthesis) 

Research on fungal 
contribution for the 
special soil 
parameters 

Biological/ 
microbial 

Microbial 
biomass 
carbon 

317.47 μg g- 1 0.5 to 0.8% 
(Buldana District, 
Maharashtra) 

Albertsen et al., 
2006 [34]; Welc 
et al., 2010 [35]; 
Zhu et al., 2016 
[25] 

Soil 
respiration 
rate 

1000–2000 mg 
CO2-C/kg soil/ 
week 

3.34 t C/ha/yr. 
(Howrah districts, 
West Bengal) 

Gryndler et al., 
2000 [36]; 
Albertsen et al., 
2006 [34]; 
Verbruggen et al., 
2012 [37] 

Soil 
temperature 

50 to 75 ° 15–28 °C at soil 
surface (Vastrapur, 
Ahmedabad) 

Albertsen et al., 
2006 [34]; Hamel 
et al., 2017 [38]; 
Norton et al., 2020 
[20] 

Cation 
exchange 
capacity 

Calcium 65–80% 
of CEC, 
magnesium 
10–15%, potassium 
1–5%, sodium 
0–1%, and 
aluminum 0% 

5–30 (cmol (+)/kg) 
(North Coast soil) 

Frąc et al., 2018 
[22]; Norton et al., 
2020 [20]; Fall 
et al., 2022 [21] 

Electrical 
conductivity 

<1 milli mhos/cm2 0.374–0.461 
(dS m-1 ) (Buldana 
District, 
Maharashtra), 0.37 
(dS m-1 ) (Karnal) 

Choudhary et al., 
2018 [32]; Norton 
et al., 2020 [20]; 
Fall et al., 2022 
[21] 

pH 6.5–7.5 7.4–7.6 (Buldana 
District, 
Maharashtra), 
8 (Karnal) 

Ali et al., 2021 
[12]; Norton et al., 
2020 [20]; Jeffries 
et al., 2003 [6] 

The biological features of soil can impact the overall soil environment by 
influencing the concentration, availability, or decomposition of a specific element, 
which directly or indirectly affect the physical and chemical properties of the soil 
[18]. Soil biological properties are an important factor of soil health because without 
these plants may not survive in soil. The plant will not grow without the soil’s



biological properties, even if the soil contains adequate physical properties and 
needed minerals or nutrients for their growth. Soil biological properties serve as a 
link between the soil and the plant that extracts nutrients from the soil by breaking 
down insoluble compounds into the soluble forms that plant roots can easily absorb. 
Several types of agrochemicals such as pesticides, fertilizers, and other types of 
synthetic chemicals are used in agriculture to improve crop production. Some of 
these compounds are slow in degradation and their residues remain in the soil for a 
long period. These chemical residues can affect soil health by affecting soil micro-
bial population, soil chemical composition, and soil physical disturbance. Soil health 
is mainly affected by soil microorganisms which balance soil quality and fertility and 
influence soil health [19]. 

68 K. S. Sattiraju et al.

3.2 Role of Fungi in Soil Health Restoration 

Dwindling arable land and depleting water and nutrient resources are stretching the 
limits of endurance of agricultural soils across the world. However, increasing 
population density is pressing demands for increasing agricultural productivity 
even at the cost of depleting soil quality and soil health. As a result, agricultural 
production must be greatly increased in the future decades in order to fulfill the 
massive food demands of the rising population. Excessive reliance on agrochemicals 
inevitably causes damaging effects on the environment [39]. Microbes are being 
recognized as an alternative to chemical fertilizers in agriculture due to their exten-
sive capacity to increase crop production and food safety [40]. Biofertilizers can be 
used along with chemical fertilizers to offer a more cost-effective, environmentally 
sustainable solution. Various researchers have reported the effectiveness of 
biofertilizers in providing required nutrients to crops [41]. This section discusses 
the various mechanisms that biofertilizers employ to promote plant growth promo-
tion and stress tolerance. 

Plant growth-promoting fungi (PGPF) are rhizospheric fungi that colonize plant 
roots and promote plant growth. They produce phytohormones, organic acids, 
alcohols, antibiotics, siderophores, enzymes, and amino acids that make the envi-
ronment conducive for plant growth either through direct or indirect mechanisms 
[42]. Trichoderma, Penicillium, Fusarium, Piriformospora, Phoma, and Aspergillus 
are some common PGPF [43]. These microbes can be found in a wide range of pH 
from acidic to alkaline. PGPF help plants either by enhancing their growth by 
secreting some phytohormones and other growth-promoting substances or by 
making the rhizospheric environment. Rhizospheric environment often contains 
phytopathogens and residues of toxic pesticides, heavy metals, and other xenobiotic 
compounds [44]. In ecological systems, fungi are the primary decomposers of 
substances as they feed on plant and animal tissues, both dead and living. It is 
widely known that fungi are exceptional decomposers of organic waste materials, 
such as cellulose, lignins, gums, and other organic complex substances. Addition-
ally, fungi are crucial to mineral and water uptake, transferring and storing deficient 
nutrients to lackluster soil parts, and some other physiological processes [45]. These



features of fungi can protect plants from various external stressors, such as 
pathogens, droughts, heat, salinity, cold, toxicity of pesticides and heavy metals, 
and so on [3]. By virtue of their functions that enhance soil micro-ecosystem 
productivity, fungi can be considered soil bioengineers. These functions can be 
categorized into five major categories: assimilatory, dissimilatory, regulatory, 
remediatory, and ecosystem functions (Fig. 3.1). However, all of these functions 
are interconnected and interdependent. 
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Fig. 3.1 Multiple functions of fungi in enhancing soil micro-ecosystem productivity 

3.2.1 Assimilatory Functions 

Assimilatory metabolism involves the incorporation of elements into the cellular 
structure [46]. Fungal assimilation is the process of absorption or acquisition of 
nutrients such as carbon, phosphorus, nitrogen, sulfur, and iron sequestration. In this 
manner, fungi help plants in acquiring nutrients from soil and hence play a role in 
their growth and development. 

3.2.1.1 Contribution of Fungus to the Nitrogen Cycle 
Nitrogen cycle in the soil and atmosphere is primarily a bacteria-driven scenario. 
Nitrogen (N) being a vital component for plant productivity and its reliance on 
actions on a few groups of microorganisms to bring into the soil environment is a



highly researched area in microbial biotechnology. Efforts to exploit the potential of 
beneficial microbes that can increase the symbiotic associations would significantly 
reduce the need of N fertilizers [9]. 
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Biologically available nitrogen has marked intense research inputs during the 
earlier years of sustainable agriculture research. Multiple bacteria-based field studies 
and also a few products have emerged from this, for instance, Rhizobium-based 
products, e.g., Dr. Bacto’s Rhizon, Utkarsh Rhizoz. As compared to bacteria, 
research on fungi for their contributions to the N2 cycle is limited. Fungi especially 
help in assimilation, ammonification, and denitrification steps [47]. There is a limited 
information available on nitrogen fixation in fungi except for Pleurotus spp. In the 
soil, fungi and bacteria convert dead plants and animals into ammonia [48]. Some 
fungal genes, viz., P450nor, Nirk, and dNar/aNar, are reported to have a function in 
nitrogen cycling. Among the fungi, arbuscular mycorrhizae play an extremely 
important role in harvesting macro- and micronutrients [49]. The AMF can affect 
several biological processes, including biological N fixation, by increasing the 
growth of other microorganisms in the rhizosphere. By influencing the legume-
Rhizobium symbiosis or by increasing the uptake of key nutrients like phosphorus, it 
also improves root nodulation and N2 fixation [50]. Similar to this, endophytic fungi 
Phomopsis liquidambaris colonization remarkably escalated peanut productivity, 
nodulation, and N2 fixation by secreting specific root exudates [51]. 

3.2.1.2 Phosphate Solubilization by Fungi 
Several mechanisms have been observed by which phosphate-solubilizing microbes 
solubilize insoluble phosphates in soil, including the release of organic acids, 
phospholipases, alkaline phosphatases, and glucose dehydrogenases, as well as the 
excretion of compounds that can chelate ions and form complexes, thereby releasing 
phosphates for plant usage [52]. The main organic acids produced by fungal species 
Trichoderma and Aspergillus are lactic acid, fumaric acid, ascorbic acid, isocitric 
acid, malic acid, citric acid, phytic acid, glucuronic acid, gluconic acid, succinic 
acid, butyric acid, valeric acid, citric acid, fumaric acid, propionic acid, and acetic 
acid [53]. Organic acids attack phosphates and dissolve them, rendering the phos-
phorus usable for plants. The significance of mycorrhizal fungi both in forest 
ecosystems and the agriculture sector and organic farming has voluminous research 
that confirms their principal contribution toward P cycling. Members of both 
ectomycorrhiza (Laccaria, Pisolithus) and endomycorrhiza (Glomus mosseae, Glo-
mus aggregatum, Glomus etunicatum, Glomus deserticola) have received the atten-
tion of researchers across the globe that led to products with proven yield benefits. 
These fungi are popularly known to produce a battery of extracellular enzymes 
including phosphatases (acids, alkaline) popularly associated with phosphate-solu-
ble genes from fungi including pyrroloquinoline quinone (pqq) and glucose dehy-
drogenase (gcd). Phosphate-solubilizing fungi that may serve as potential 
biofertilizers are Aspergillus niger, Penicillium, Trichoderma harzianum, 
Talaromyces, Rhizophagus irregularis, Glomus fasciculatum, Entrophospora 
colombiana, and others [52]. Aspergillus niger and Penicillium sp. can potentially 
contribute to P nutrition of plants. Aspergillus niger is a key to unlocking fixed



phosphorus in highly weathered soils [10]. Wang et al. [54] demonstrated the 
capability of P. oxalicum y2 in solubilizing inorganic phosphorus as well as 
mineralizing organic phosphorus, which show their importance in utilizing as 
biofertilizers. 
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3.2.1.3 Potassium Solubilization by Fungi 
Potassium-solubilizing fungi can be an invaluable resource for agriculture by 
enriching plants with potassium and enhancing crop quality [55]. Physicochemical 
forces, including pressure exerted by hyphae and root penetration, have also been 
demonstrated to enhance the desegregation of rock substrates by filamentous fungi. 
Through the secretion of protons, organic acids, and other compounds, fungi are 
involved in the biological weathering of rocks and minerals [56]. The four main 
methods that fungi employ to solubilize the mineral source of potassium are 
acidolysis, complexolysis, redoxolysis, and mycelial metal accumulation 
[57]. Aspergillus and Penicillium species are the most effective microbial inoculants 
for solubilizing potassium. Aspergillus species KSF 07, KSF 55, and KSF 
69 solubilized 57–60mg L-1 of K from mica and 34–39 mg L-1 from potassium 
aluminum silicate [58]. The ability of fungi to solubilize phosphorus, potassium 
sulfate, and iron as detailed below is the reason behind their potential for 
biomineralization. 

3.2.1.4 Sulfur Assimilation by Fungi 
The presence of sulfur is essential for plant growth and development due to its 
importance as a structural component of amino acids, vitamins, and cofactors [59]. It 
is also a constituent of signaling molecules that is involved in metabolic processes, 
stress tolerance, and complex signaling molecule cross talk. The primary source of 
sulfur in soil is SO4 

2- anion; it leaches out of the soil due to its high-water solubility. 
Sulfate is absorbed directly from the soil by plants via their sulfate transporters, as 
well as by microorganisms that live in symbiotic relationships with them. 

Plants colonized with AMFs accumulate sulfur by accelerating its uptake from 
the soil, improving soil enzyme activities (extracellular sulfatases), or upregulating 
the expression of plant sulfur transporters. Considering AMF hyphae cover a 
considerably larger area than plant roots, and contain more sulfonate-desulfurizing 
bacteria as well as organo-sulfur-mobilizing microbes than bulk soil, they are an 
important site for microbial interactions for sulfur cycling. In low sulfur conditions, 
the endophytic fungus Serendipita indica enhanced sulfate uptake in maize plants 
[60]. An increase in sulfonate-mobilizing bacterial colonies was observed in AMF 
inoculated with Lolium perenne, increasing sulfur availability to the plant [61]. As 
fungi possess robust metabolic abilities, it is plausible that they could also contribute 
to the global sulfur cycle by mobilizing sulfur reserves in terrestrial ecosystems. 
Enzymes governing these metabolic activities in fungi are identified and 
characterized [62].
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3.2.1.5 Iron Sequestration by Fungi 
Cell growth and development are inextricably linked to iron (Fe). Iron is usually 
available as ferric ions, which are oxidized to form insoluble complex polymers 
containing oxyhydroxide under aerobic conditions. Under such conditions, the 
bioavailability of iron is significantly reduced. During reductive uptake, the external 
reduction of ferric salts, chelates, and proteins occurs prior to uptake. Siderophores, 
iron chelates, are selectively transported by these transporters, which participate in 
diverse intracellular interactions such as acidification of the external environment, 
reduction of ferric iron to the more soluble ferrous form, and secretion of soluble 
iron-chelating molecules [63]. 

A variety of microorganisms are capable of obtaining ferric iron from their 
extracellular medium, or external environment, via the formation of ferric iron-
binding small molecules called siderophores [64]. Siderophores help in a localized 
concentration of iron particularly in the rhizosphere. Brown-rot fungi, Candida, and 
Aspergillus are reported to help in iron sequestration. Siderophores of fungi differ 
significantly in structure and are extremely diverse [65]. There are four main types of 
siderophores: hydroxamates, carboxylates, catecholates, and hydroximates among 
which the first two are predominant. Saprotrophic fungi Aspergillus fumigatus and 
Aspergillus nidulans synthesize more than 50 types of siderophores, especially 
under limited iron conditioning [64, 66]. To mobilize and distribute hyphal iron, 
Aspergillus fumigatus produces hydroxamate siderophores, triacetyl fusarine C, 
ferricrocin, and hydroxyferricrocin. Brown-rot fungi, however, may produce other 
types of catecholate siderophores besides ferricrocin (Frr) and ferrihordin. Fungi 
take up iron in a reductive and non-reductive manner. 

3.2.2 Dissimilatory Functions 

Dissimilatory metabolism occurs when elements are oxidized or reduced, and the 
organism uses the energy released during these processes [46]. Dissimilatory nitrate 
reduction and formation of ammonium play an important role in the terrestrial 
nitrogen cycle [67]. Fusarium oxysporum and Cylindrocarpon tonkinense are 
well-known fungi that could reduce nitrate in a dissimilatory manner. Apart from 
these, the vast bulk of fungus found on land, including ectomycorrhizal fungi, 
exhibited this trait. Since fungal denitrification doesn’t include a reduction step, 
fungi are very important to soil nitrous oxide (N2O) producers. In fungi, ambient 
oxygen levels influence two routes for dissimilatory nitrate reduction. Under hyp-
oxic conditions, denitrification takes place and under anoxic levels, ammonia fer-
mentation takes place [68]. Key genes involved in fungal denitrification are NirK 
and P450nor. NirK codes for copper-containing nitrite reductase which reduces 
nitrite to nitric oxide (NO). The cytochrome P450 nitric oxide reductase (P450nor) 
catalyzes the conversion of NO to N2O. Fungi lack nitrous oxide reductases, which 
is why the final product of fungal denitrification is N2O rather than N2. In ammonia 
fermentation, NiaD (nitrate reductase) and NiiA (nitrite reductase) convert nitrate to 
ammonium. These processes could significantly contribute to the emission of N2O



from soils and the removal of nitrogen from nitrate- and nitrite-contaminated 
environments [69]. 
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Soil fungi can dissimilate methionine in the presence of glucose. When glucose is 
present, all of the sulfur (from methionine) is released as methanethiol, with a part of 
it being oxidized to dimethyl disulfide. Other carbon residues were α-hydroxybutyric 
acid and α-aminobutyric acid. The fungus’ inability to metabolize α-keto butyrate 
resulted in its inability to use methionine as a carbon and energy source. Several 
additional soil-isolated fungi flourished on α-amino butyrate but not on methionine 
due to their inability to demethiolate it [70]. Dissimilation and catabolism of 
aromatic substances by fungi are elaborated under remediatory function in detail. 

3.2.3 Remediatory Function 

Soil is made up of various essential components such as organic matter and soil 
water and air of earth that directly or indirectly sustains life. Soil presents 15 huge 
varieties of nutrients (carbon, oxygen, hydrogen, nitrogen, phosphorus, potassium, 
sulfur, magnesium, calcium, iron, boron, manganese, zinc, molybdenum, copper) 
and wide range of trace elements, inorganic compounds, and organic compounds 
which are required for growth and development of plants. Soil factors such as pH, 
calcium carbonate (CaCO3), (organic matter) humus, and cation/anion exchange 
capacity, as well as the soil microenvironment, all have an impact on the accessible 
soil micronutrients. Table 3.2 shows summarized information regarding different 
soil parameters and ideal range of physical biochemical and biological parameters. 
Table 3.2 also depicts present status with respect to specific parameters found in 
certain Indian states. A fertile soil preserves the water quality and air quality, 
allowing species to thrive and resisting pressures such as anthropogenic activities, 
atmospheric conditions, and environmental deterioration as well as promoting nutri-
ent delivery, crop productivity, and individual health [71]. 

Soil pollution is defined as the assemblage of persistent toxic chemical 
compounds, elements, salts, explosives, metals, metalloids, radioactive elements, 
and infectious agents that all show deleterious effects on living organisms, mainly 
plants and animals. Agriculture requires productive soils in order to feed the globe 
adequately [72]. Soil pollutants are divided into two categories: organic pollutants 
and inorganic pollutants, both of which when in excess are responsible for deterio-
ration of soil quality. Leaching and irrigation/flooding runoff introduce these 
pollutants in soil to underground aquifers and surface water bodies. Because of 
their poisonous nature and the anomalies they cause, their presence is undesirable in 
soil and water resources. Seed germination, plant growth, soil microbial activity, and 
the ability of plants and microorganisms to absorb water and nutrients from the soil 
are all harmed by the presence of hydrocarbons and metals and other pollutants in 
soils. As a result, removing these hazardous compounds from the soil is one of the 
top priorities in environmental research [73].
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3.2.3.1 Organic Pollutants 
Organic compounds created naturally or anthropogenically tend to accumulate in the 
soil. Soil pollution is a severe environmental issue that has a global impact. Exposure 
to contaminated soils has been linked to a variety of negative health impacts, 
according to a significant body of data; soil pollution is caused by massive amounts 
of organic chemicals used in farming and metropolitan regions. Anthropogenic 
activities, industrial activities, combustion of coil, automobile emissions, waste 
disposal, and sanitary landfills are also the main causes of soil pollution. Apart 
from domestic, industry generated soil pollution; farmers have been employing a 
growing number of organic compounds in agricultural areas in order to offer 
acceptable amounts of agricultural products, which in turn are resulting in huge 
amounts of pollution and environmental degradation. Soil consists of various 
organic pollutants such as pesticides (organophosphates, carbamates, endosulfan), 
herbicides, organic fuels, PCBs, PBBs, PCDs, PAHs, and insecticides, particularly 
nonrenewable fossil fuel (gasoline and diesel) [74, 75]. 

Fungal cell biomasses metabolize/decolorize azo dyes by absorbing dyes and 
liberating extracellular enzymes. Fungal enzymes are also vital in the degradation of 
the hazardous by-products produced by azo dyes. Fungal enzymes mainly such as 
laccase, lignin peroxides, and manganese peroxides aid in decolorization of azo dyes 
[76]. Peroxidases are classified into three types based on their source and activity: 
lignin peroxidase (LiP), manganese peroxidase (MnP), and versatile peroxidase 
(VP) among the peroxidase-catalase superfamily. 

When MnP, LiP, and VP are produced by the same organism, they might work 
together to oxidize lignin-like structures. White-rot and basidiomycetous fungi are 
commonly used for the degradation of hazardous substances by heme peroxidase 
enzymes (LiP and MnP) in the presence of manganese and hydrogen peroxide. On 
the flip side, VP enzymes are invaluable in bioremediation processes, and they are 
also substrate-specific enzymes that can oxidize both phenolic and non-phenolic 
substances. Some other heme peroxidases like dye-decolorizing peroxidases (DyPs) 
and unspecific peroxygenase (UPO) catalyze the oxidation of non-phenolic lignin 
compounds and other organic compounds in the presence of hydrogen peroxide. A 
peroxidase generated by B. adusta has been demonstrated to break the 
phthalocyaninic ring in phthalocyanine dyes by cleaving the azo link, resulting in 
azo and phthalocyanine dye decolorization. Laccase, being the most frequent mem-
ber of the multicopper oxidase protein family, shows significant promise as a 
biodegradation enzyme. Laccase uses molecular oxygen to oxidize aromatic and 
nonaromatic compounds while abstracting protons and generating radicals during 
the process. Degradation by laccases is considered a unique bioremediation process 
because of its nonspecific oxidation capacity, no essentiality of cofactors and oxygen 
as an electron acceptor [77, 78]. 

3.2.3.2 Pesticide Biodegradation 
White-rot fungus has the potential to bioremediate organic chemical compounds that 
are difficult for bacteria to degrade such as herbicides, insecticides, pesticides, and 
weedicides. Fungi’s ability to release extracellular enzymes that interact with a wide



range of chemical compounds gives them the potential to remediate organic 
contaminants [79]. The degradation of pesticides by fungus can be separated into 
three phases: (a) during the initial phase, the parent pesticidal compound is reduced, 
hydrolyzed, or oxidized into nontoxic and soluble compounds. Reductive and 
oxidative enzymes released by fungi play a critical role in this process. (b) During 
the next phase which is conjugation, the water solubility of the intermediate 
compounds is enhanced. (c) During the final phase of the process, peroxidases, 
oxygenases, and other enzymes transform intermediary molecules into nontoxic 
molecules [80]. 

3 Fungal Ministrations in Soil Detoxification, Building, and Health Restoration 75

Esterases, glutathione S-transferases (GSTs), and cytochrome P450 are the three 
primary enzyme groups involved in the degradation of complex organic molecules 
[79]. Involvement of laccase in the breakdown of pesticides dicofol and chlorpyrifos 
was deduced from a study by Hu et al. (2020) [81]. In this study, laccase produced by 
the fungus Trametes versicolor was explored. Dechlorination is the first step in the 
process, which produces 2,2-dichloro-1,1-bis-(4-chlorophenyl)-ethanol from 
dicofol. In the next step, oxidative cleavage and dechlorination produce 4,4′-
-dichlorobenzophenone. In the final step, lignin-degrading enzymes split the 
molecule’s ring structure, releasing benzaldehyde [81]. In the breakdown of 
xenobiotics, cytochrome p450 enzymes have been widely researched. Despite the 
fact that the enzymes that have been purified directly were not used in the process, 
certain outcomes from the use of cytochrome p450 inhibitors suggested that those 
enzymes are critical in the degradation mechanism. Major intermediates generated 
by the demethylation of diuron are 1-(3,4-dichlorophenyl)-3-methyl urea (DCPMU) 
and (3,4-dichlorophenyl) urea. Of these three, only DCPMU is amenable for further 
breakdown by fungal enzymes. Diuron hydrolysis by cytochrome p450 and laccases 
was seen in basidiomycete strains. By acting as monooxygenases, heme-thiolate 
proteins aid in the hydroxylation, dehalogenation, deamination, and dealkylation of 
pesticides. Under circumstances where laccases aren’t engaged in the reaction, 
intracellular cytochrome p450 was found to act as a catalyst [82]. 

3.2.3.3 Plastic Biodegradation 
Plastic depolymerization by microorganisms and/or enzymes is a potential approach 
for degradation of petro-plastic wastes into simple monomers. These monomers can 
be recycled or processed to yield CO2 and H2O, as well as valuable by-products. 
Various extracellular enzymes have the capability to interact with the surface of the 
plastic and break it down into short intermediate polymers. Short polymers are also 
digested by microbial cells (carbon source), resulting in the production of CO2. On  
the basis of various bonds in polymeric chain, the biodegradation mechanism of 
petro-plastic can be categorized into three classes: (a) carbon back-bones polymers, 
(b) ester-bond back-bones and side-chains polymers, and (c) polymers with hetero-/ 
carbamate(urethane) bonds [83]. 

Enzymes such as lignin peroxidases, hydrolases, imprecise peroxygenase, 
laccases, manganese peroxidases, and depolymerase aid in the decomposition of 
plastic substances. In the process of enzyme-based degradation, depolymerase 
enzymes fragment the ester linkages of polyethylene terephthalate (PET) which



further proceed for complete breakdown. Polyurethane-degrading fungi 
Cladosporium sp., Penicillium chrysogenum, and Aspergillus fumigatus were 
shown profuse esterase activity in comparison to protease and urease activities. 
Serine hydrolase has been found to be responsible for breakdown of polyurethane 
by Pestalotiopsis microspora. Fenton’s technique is popularly used in the depo-
lymerization of polystyrene sulfonate (PSS) by Gloeophyllum trabeum DSM 1398. 
Additional processes involving hydroxyl radicals in the oxidation pathway include 
aromatic ring substitution and the generation of tertiary radicals. Polyethylene-
digesting enzymes help to degrade polyethylene (PE) into mono(2-hydroxyethyl) 
terephthalic acid (MHET). The hydrolysis of MHET to ethylene glycol and 
terephthalic acid is then completed by the MHET-digesting enzyme [84, 85]. 
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3.2.3.4 Inorganic Contaminants 
Inorganic pollutants are made by dissolving forms of cations and anions of various 
toxic metals, nutrients, and salts. Potentially toxic elements (PTEs) are compounds 
that exist widely in all human environments. These compounds usually arise after 
partial degradation of parent material. In recent years, potentially hazardous 
materials are increasingly encountered specifically in soil and sediment ecosystems 
[86]. Potential toxic elements are found in large quantities in soil (PTEs). PTE 
concentrations and availability can have an impact on the soil ecosystem as well 
as plant growth and development. PTEs can enter into the human body either directly 
(via inhalation or ingestion of soil particles) or indirectly (through plants) resulting in 
catastrophic health consequences. In many deteriorated soils, metal pollution is a 
recurring problem. Cadmium (Cd), nickel (Ni), copper (Cu), chromium (Cr), lead 
(Pb), zinc (Zn), mercury (Hg), and arsenic (As) are the most frequent metals (Hg). As 
and Cd are exceedingly poisonous, while Pb, Ni, and Hg are somewhat poisonous, 
and Zn, Cu, and Mn are considerably less harmful [87]. Under the natural process, 
microorganisms (fungi, bacteria) and plants assist to eliminate or degrade the toxic or 
harmful substances present in soil and water, thereby preserving a clean or nontoxic 
environment called bioremediation. The term “remediation” refers to the process of 
removing a problem, and “bioremediation” refers to the process of removing an 
ecological problem such as soil and groundwater contamination. Bioremediation is a 
process that employs the use of live microorganisms to mitigate or prevent natural 
pollution. It’s a progression toward removing poisons from the environment, restor-
ing the environment’s original characteristics, and preventing new contamination. 
Various types of remediation techniques are used to remove heavy metals, 
metalloids, and other inorganic contaminants from soil or water such as bacterial 
bioremediation, phycoremediation, phytoremediation, and mycoremediation [88]. 

3.2.3.5 Mycoremediation 
Fungi appear to be effective bioremediation agents in detoxifying organic 
contaminants and removal of heavy metals. Fungi have a high adsorption and 
accumulation capability for HMs; therefore, they could be useful. Bioaccumulation, 
bioadsorption, biosynthesis, biomineralization, bioreduction, bio-oxidation, extra-
cellular precipitation, intracellular precipitation, surface sorption, and other



biomechanisms play a role in HM tolerance and fungal eradication. The efficiency of 
mycoremediation varies from species to species. Various fungal strains and their 
enzymes used in remediation of organic and inorganic pollutants such as pesticides, 
plastics, azo dyes, persistent organic compounds, and heavy metals are presented in 
Table 3.3. Major influential parameters that affect the bioremediation of HMs are 
time, pH, temperature, HM concentration, a dose of fungal biomass, and rate of 
shaking/stirring that vary according to the fungi and various types of heavy metals 
[89]. Khan et al. (2019) [90] identified indigenous fungal strains having the capacity 
of soil remediation of heavy metals. Penicillium rubens (M2Aii), Aspergillus 
fumigatus (M3Ai), and Aspergillus niger (M1DGR) were the main three metal-
tolerant fungi. Among them A. niger was shown to be a more suitable fungus for 
removing hazardous heavy metals (Cd and Cr) from polluted soil. 
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3.2.3.6 Methods for Mycoremediation 
Biosorption is a key process in environmental protection as well. The physicochem-
ical interactions between the metal and the functional groups present at the surface of 
the biosorbent cause heavy metal and organic compound biosorption. Physical 
adsorption, ion exchange, and chemical sorption are among the mechanisms 
involved, which are unrelated to metabolism. Microorganisms’ cell walls are mostly 
polysaccharides, proteins, and lipids, with carboxyl, sulfate, phosphate, and amino 
groups to create interactions with metals and their complexes. This type of 
biosorption happens quickly and can be reversed. The structure of organic 
contaminants varies substantially. As a result, molecule size, charge, solubility, 
hydrophobicity, and reactivity all affect biosorption [91]. 

Laccases, proteases, lipases, cellulases, catalases, amylases, xylanases, and 
peroxidases, among others, are industrially important enzymes that can be utilized 
to degrade organic pollutants from the environment. These enzymes also aid to 
decompose polymeric compounds like protein, xylan, lipids, cellulose, starch, and 
other polymeric molecules found in agri-food industry and other domestic waste 
effluents. Then the digested end products can be deteriorated to produce valuable 
chemicals like fatty acids and biogas. White-rot fungi produce a ligninolytic enzyme 
that not only is used to degrade natural form of lignin but also aids to decolorize the 
organic contaminants like natural and synthetic dyes which are commonly found in 
environment. Peroxidases and laccases are the two types of extracellular ligninolytic 
enzymes responsible for lignin oxidation. In oxido-reductive catalyzing processes, 
peroxidases use hydrogen peroxide as final electron acceptors, while laccases and 
monooxygenases use molecular oxygen as final electron acceptor. Due to their 
decreased substrate specificity, there is an evidence indicating the importance of 
enzymes in the bioremediation and decontamination of harmful organic and inor-
ganic contaminants [92]. 

The mechanism of mycoremediation is figuratively represented (Fig. 3.2) where 
different types of organic and inorganic compounds are categorized into plastics, 
pesticides, and automobile and pharmaceutical wastes. These polluting substances 
leach out harmful intermediates. Remediation of these substances principally 
involves biosorption and enzymatic degradation. These methods are cheap,
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Table 3.3 Role of fungi in bioremediation of environmental pollutants 

Category Types of pollutants Enzymes Name of fungus References 

Pesticides Organochlorines 
(endosulfan) 

Phenol hydroxylase Trichosporon 
cutaneum 

Singh et al., 
2019 [93] 

Organophosphates 
(profenofos, 
monocrotophos) 

Phosphotriesterases, 
alkaline 
phosphatases, 
esterases, OP 
hydrolases 

Marine fungi 
(A. sydowii 
CBMAI 935 and 
P. raistrickii 
CBMAI 931), 
Trichoderma 
harzianum T103 

Da Silva 
et al., 2013 
[94] 
Kumari and 
Sundari, 
2022 [40] 

Atrazine (2-chloro-
4-ethylamino-6-
isopropylamino-S-
triazine; AT) and 
alachlor (2-chloro-,
-diethyl-N-
[methoxymethyl]-
acetanilide) 

Extracellular 
(ligninolytic 
enzymes) 

White-rot fungus, 
Phanerochaete 
chrysosporium 

William 
et al., 2011 
[95]; Henn 
et al., 2020 
[82] 

Diuron Cytochrome p450 
and laccases 

Basidiomycete 
strains 

Henn et al., 
2020 [82] 

Dicofol and 
chlorpyrifos 

Laccases Trametes 
versicolor 

Huang et al., 
2018 [80] 

POPs PCDDs 
(polychlorinated 
dibenzo-p-dioxins) 

Cytosolic and 
mitochondrial 
isoforms of P450 
monooxygenases 

Fusarium 
oxysporum 

Sakaki et al., 
2013 [96] 

PCBs 
(polychlorinated 
biphenyls) 

Intracellular 
(cytochrome P450 
monooxygenase, 
aryl-alcohol 
dehydrogenase, and 
aryl-aldehyde 
dehydrogenase) and 
extracellular 
(ligninolytic 
enzymes) 

Ligninolytic 
fungal strains 
Irpex lacteus 
617/93, 
Bjerkandera 
adusta 606/93, 
Phanerochaete 
chrysosporium 

Čvančarová 
et al., 2012 
[97] 

PAHs 
(polyaromatic 
hydrocarbons) 

Laccase, manganese 
peroxidase enzyme 

White-rot fungi 
such as 
T. versicolor, 
P. ostreatus, 
Irpex lacteus 

Rosales 
et al., 2013 
[98]; Kumari 
et al., 2021 
[92] 

Azo dyes Brilliant blue MnP (manganese 
peroxidase) and Lac 
(laccase) 

Phanerochaete 
chrysosporium 
and I. lacteus 

Pazarlioglu 
et al., 2010 
[99]; Singh 
et al., 2020 
[76] 

Indigo carmine Laccase White-rot fungus, 
T. hirsute 

Couto, 2006 
[100]



(continued)
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Table 3.3 (continued)

Category Types of pollutants Enzymes Name of fungus References 

Blue dye MnP (manganese 
peroxidase) 

P. chrysosporium Pazarlioglu 
et al., 2010 
[99] 

Acid red 97 Laccase Peroneutypa 
scoparia 

Pandi et al., 
2019 [101] 

Scarlet RR LiP (lignin 
peroxidase), laccase, 
and MnP (manganese 
peroxidase) 

Peyronellaea 
prosopidis 

Bankole 
et al., 2018 
[102] 

Acid red 3 MnP (manganese 
peroxidase) 

Trichoderma 
tomentosum 

He et al., 
2018 [103] 

Heavy 
metals 

Lead (pb II) Anti- oxidative 
enzymes including 
catalase 

Aspergillus 
foetidus 

Chakraborty 
et al., 2013 
[104] 

Mercury Biosorption Candida 
parapsilosis 

Muneer 
et al., 2013 
[105] 

Chromium Biosorption Aspergillus 
versicolor, 
Gloeophyllum 
sepiarium, 
Saccharomyces 
cerevisiae (Y) 

Parvathi 
et al., 2007 
[106] 

Nickel Biosorption Aspergillus sp., 
Aspergillus 
versicolor, 
Aspergillus niger 

Taştan et al., 
2010 [107] 

Copper (Cu II) Copper-amine 
oxidase enzymes 

Aspergillus spp., 
Aspergillus 
versicolor, 
Aspergillus niger 

Mitra et al. 
2014 [108] 

Plastics Polyurethane Serine hydrolase Pestalotiopsis 
microspora 

Russell et al., 
2011 [109]; 
Brunner 
et al., 2018 
[110] 

Polyethylene PHB-depolymerase 
(3-poly 
hydroxybutyrate), 
laccase, and 
manganese 
peroxidase 

Penicillium 
pinophilum, 
Penicillium 
simplicissimum 

Ojha et al., 
2017 [111] 

PHB, PBS, PES, 
PCL 

Polyhydroxybutyrate 
depolymerase, 
bifunctional lipase-
cutinase 

Aspergillus 
fumigatus 

Jung et al., 
2018 [112]; 
Zuo et al., 
2019 [113]; 
Kaushal 
et al., 2021 
[114]



significant, and commonly used for remediation of toxic pollutants into nontoxic 
compounds. In the enzyme degradation method, various enzymes are involved such 
as hydrolases, esterases, the mixed function oxidases, glutathione S-transferases and 
ligninolytic enzymes in the biodegradation of organic and inorganic pollutants. 
These enzymes are mainly produced by fungal strains like Phanerochaete 
chrysosporium, white-rot fungal strains, and Irpex lacteus and others; their function 
is represented in Table 3.3. Biosorption of heavy metals follows different types of 
mechanisms such as bioaccumulation, metabolism-dependent biosorption, and 
metabolism-independent biosorption. At the end of the breakdown process, nontoxic 
end products will directly and indirectly contribute to soil building and plant growth.
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Table 3.3 (continued)

Category Types of pollutants Enzymes Name of fungus References 

PBS, PLA Proteinase K and 
lipase 

Candida rugosa/ 
Tritirachium 
album 

Hu el al., 
2018 [115]; 
Hegyesi 
et al., 2019 
[116]; 
Kaushal 
et al., 2021 
[114] 

Fig. 3.2 Mechanism of mycoremediation
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3.2.4 Ecosystem Function 

Fungi can be found in abundance in natural ecosystem soils and play an important 
part in ecosystem functioning. Intensively managed soils have low fungal biomass 
which adversely impacts soil functioning. As a result, fungal sequestration of carbon 
depends on the presence of fungal activity, which captures and transports a myriad of 
organic substances from root zones to deeper soil layers, alongside transporting 
these organic substances into aggregation zones where organic matter binds with 
minerals [117]. Fungi use carbon to construct networks in the soil and create 
nutrition webs when they adhere to plant roots. They have mutual association with 
plants, for instance, they give phosphorus to plants in exchange of carbon dioxide. 

Saprotrophic fungi that perform a scavenging role and also produce hyphae can 
contribute to carbon stability through carbohydrate component translocation in the 
soil matrix, which collects organic material with soil particles and occludes OM in 
aggregates [118]. By virtue of producing a wide variety of extracellular enzymes, 
fungi break down a variety of organic matters and hence regulate the balance of 
carbon and other nutrients [22]. It has been found that applying fungal biomass at the 
start of the growing season improves crop productivity by boosting overall soil 
health. Increased fungal activity leads to greater aggregate formation due to fungal 
enmeshment, which results in carbon being trapped inside aggregates and therefore 
being physically protected from further degradation [119]. 

In addition to mutualistic association, some fungi also have facultative/obligatory 
symbiotic association with terrestrial plants. AM fungi are in symbiotic association 
(facultative) with the majority of agricultural and horticultural plants. EM harbor tree 
species principally. Orchid and ericoid mycorrhizae border on obligate symbiosis. 
However, certain host functions failed to manifest in the absence of fungal symbio-
sis. There is a lot of evidence that ecosystems with a healthy mycorrhizal fungi 
network can store eight times more carbon in the soil than those without. This 
suggests that fungi-friendly agroecosystems have a significant potential for storing 
more carbon in the soil. 

3.2.5 Regulatory Function 

Fungi regulate the various functions in the soil such as nutrient cycling, water 
dynamics, and suppression of harmful microbes. They are the main decomposers 
in the soil food webs and share the responsibility to convert complex indigestible 
organic material into available forms. Fungal hyphae bind soil particles together to 
build aggregates, which improve water infiltration and soil water-holding capacity. 
They exhibit high plasticity and adapt in response to adverse or unfavorable 
conditions. By changing the soil microclimate, soil fungi help plants to tolerate 
various environmental stresses such as drought, salinity, metal, etc. Biological 
(plants and other organisms) and abiotic (soil pH, moisture, salinity, structure, and 
temperature) factors influence the diversity and activity of fungi. There are fungi in 
almost every habitat and they can survive in a wide range of pH and temperature



[120]. Furthermore, arbuscular mycorrhizal symbiosis is a mutualistic relationship 
that occurs between most terrestrial plants and fungi. Numerous signaling processes 
between and within the symbiotic partners are involved in the beginning, develop-
ment, and control of this symbiosis. Phytohormones, among other signals, are 
recognized to play an essential role at various phases of the relationship. Plant 
growth-promoting fungi (PGPFs) are the heterogeneous group of nonpathogenic 
fungi that can be obtained in the rhizosphere, at the root surfaces, or inside the roots 
of plants. The PGPFs not only provide the plant with the root extension, plant growth 
development (seed germination and seedling vigor and photosynthetic efficiency), 
and protection from various kinds of phytopathogens but also help in the soil 
improvements. Auxins, cytokinins (CKs), gibberellic acids (GAs), ethylene (ET), 
abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA) are also produced 
by fungi. In response to biotic and abiotic stress, these hormones play a key role in 
controlling plant development [121]. Fungi have a crucial role not only in plant 
growth, and soil health, but also in plant disease control. Fungi such as Trichoderma 
harzianum, T. viride, T. gamsii, Metarhizium anisopliae, Acremonium alternatum, 
Coniothyrium minitans, Ampelomyces quisqualis, Aspergillus flavus, and 
Chondrostereum purpureum and others are used in the biocontrol of pathogens 
and also used in bioformulation production. For instance, Trichoderma is a genus 
renowned for its biocontrol activity against several pathogenic species, and it is used 
against the control of a variety of plant diseases, including onion white rot, chickpea 
wilt, and tomato crown and root rot [122]. Metarhizium anisopliae is a hyphomycete 
entomopathogenic fungus that is found all over the world and is used to control 
insects. A moist soil is the ideal environment for filamentous growth and for the 
production of infectious spores known as conidia that infect soil-dwelling insects 
[123]. Fungi are being used as a biocontrol in several countries throughout the world. 
Several species of fungi have been used in the development of fungicides in recent 
years such as Biokuprum™ (from Ch. cupreum), Promote® (from Trichoderma 
harzianum, T. viride), Trichodex® (from Trichoderma harzianum), SoilGard® 

(from Gliocladium virens), and Ketomium® (from Chaetomium globosum) [124]. 
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The application of fungi as biocontrol agents is beneficial due to their target-
specific nature, ability to remain in the soil for prolonged periods of time without 
requiring repeated inoculation, and environmentally friendly nature. Fungi use four 
types of mechanisms to control pathogens, namely, hyperparasitism, antibiosis, 
competition, and synergism. 

In hyperparasitism, a biocontrol agent (BCA) attacks the pathogen directly, 
killing it or its propagules. Several fungi such as Acremonium alternatum, 
Acrodontium crateriforme, Ampelomyces quisqualis, Cladosporium oxysporum, 
and Gliocladium virens control diseases such as powdery mildew by using the 
hyperparasitism mechanism (Milgroom and Cortesi, 2004). Soil fungi attack plant 
pathogenic fungi as mycoparasites and inhibit their growth or kill them. To detect 
pathogens, Trichoderma produces extracellular exochitinase, which catalyzes the 
dispersal of cell wall oligomers from the pathogens [11]. 

In antibiosis, fungi produce antibiotics, volatile compounds, and metabolites as 
represented in Table 3.4. Trichoderma produces several types of secondary
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metabolites such as koninginins, viridins, azaphilones, and diketopiperazines which 
are important in biocontrol of pathogens (Sood et al., 2020). It has been long 
recognized that microbes, particularly fungi, offer an abundant source of novel 
metabolites. There are about 23,000 identified important microbial secondary 
metabolites with fungi producing 42% of them [126]. Fungal secondary metabolites 
are known to be involved in signal transduction and catalysis. Salicylic acid, 
acetylsalicylic acid, and nitric oxide have properties that boost host plant immunity 
and resistance [127]. In addition to controlling pathogens, some of these compounds 
also appear to increase plant vigor, possibly by increasing hormone synthesis. For 
instance, harzianolide, produced by Trichoderma species, may assist both defense 
and growth responses [125]. By releasing volatile and nonvolatile antibiotics, 
T. harzianum and T. viride were seen to be particularly effective in reducing the 
radial growth of S. rolfsii. Another mechanism of biocontrol is competition. Soil 
nutrients are important for every living organism. These soil nutrients are required 
for their growth and development. Fungi compete with pathogens for nutrients and 
space and suppress pathogens by rapidly proliferating. An example of biocontrol 
through competition is between Trichoderma sp. and Fusarium 
sp. [128]. Trichoderma species have a high capacity for mobilizing and utilizing 
soil resources, making them more efficient and competitive than other soil 
microorganisms. Trichoderma species also produce siderophores, an iron-chelating 
compound that not only serves as an iron-chelating compound but also suppresses 
phytopathogen growth by depriving them of iron supplies. There are a good number 
of examples where fungi form synergistic associations with bacteria (referred to as 
helper bacteria) delivering compounded benefits to the host plants.
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Some fungi have the ability to combine hydrolytic enzymes and antibiotic 
secondary metabolites in their activities. An example of synergism is AM fungi 
either alone or in combination with bacteria help in plant growth and development 
[129]. Trichoderma is used as a biocontrol agent against pathogens and it is also 
helpful in plant growth and development as a result of the synergistic effects of 
antimicrobial compounds. For example, Trichoderma in association with Pseudo-
monas was reported to produce cell wall-degrading enzymes and membrane-
disrupting lipo-depsipeptides and control fungal pathogens [130]. 

3.3 Status of Commercial Microbial Inputs 

Recognizing detrimental effects of agrochemicals (fertilizers, pesticides, and other 
synthetic chemicals) in agriculture, scientists are making a determined effort to move 
toward an alternative to these agrochemicals. There are thousands of 
microorganisms in soil which are used for plant growth and development as well 
as protection from pathogens. Beneficial microorganisms such as mycorrhizal fungi, 
plant growth-promoting rhizobacteria (PGPR), and root endophytic fungi are impor-
tant and their ability to produce regulatory and growth promoter compounds such as 
phytohormones, and secondary metabolites, and play an important role in nutrient 
processes including nitrogen cycling, carbon cycling, and phosphate solubilization.



Due to current public awareness about agrochemicals and their negative impacts, 
there is a growing interest in learning more about microbial contribution to safe 
agriculture. Microorganisms can be used as a low-input biotechnology where fungal 
species can be variously employed to promote sustainable, environmentally friendly 
activities that are critical to the stability and productivity of both agricultural and 
natural ecosystems [131]. Scientists and researchers have been working on the 
isolation and identification of plant-beneficial microorganisms from past years, but 
only a few have made it to the commercial market because many bio-inoculants do 
not perform as well in the field as they perform in greenhouse or laboratory tests. 
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In agriculture, mainly two types (solids and liquids) of microorganism-based 
products or bioformulations are used. In solid-based bioformulations, granules, 
wettable powders, water-dispersible granules are mainly used. Granules are dry 
particles that include the active substance (microorganisms or their products), as 
well as a binder and a carrier. Peat, compost, agro-industrial wastes, vermiculite, 
perlite, rock phosphate, and polysaccharides are among commonly used solid 
carriers in bioformulation manufacture. MET52 ® is a type of granular bioproducts, 
and it is a formulation of fungi M. anisopliae which is used in order to control black 
vine weevil larvae [132]. Trichoderma is well-known for its beneficial role in 
agriculture, and almost 55.3% of Trichoderma formulations are commercialized as 
wettable powders [133]. Powdery mildew is caused by numerous pathogenic species 
in agriculture and Ampelomyces quisqualis fungi when water-dispersible granules 
have the ability to control this disease. Representative fungi used in solid 
bioformulations are Ampelomyces quisqualis (AQ 10 WG), Coniothyrium minitans 
(Contans WG), Clonostachys rosea (Prestop and Biobest), and Trichoderma species 
(Trichox WP, Biox, and Binab T) [134]. Commercial products comprising fungal 
isolates are presented in Table 3.5. Due to its innumerable benefits, solid-state 
fermentation (SSF) has received a lot of attention in recent years. SSF facilitates 
co-cultivation of two microorganisms, enrichment with soluble P, induction of 
biocontrol activity, and use of solid substrates either alone or combined, and 
moistened with liquid wastes [135]. Microorganisms when used as liquid 
bioformulations improve cell suspension viscosity, stability, and dispersion capacity 
achieved by water and oils using a combination of fraction [136]. The difficulty with 
liquid bioformulations is that the microbial population and metabolic activity rapidly 
decline once cell suspensions are introduced into the soil, especially if they do not 
contain appropriate additives. Trichojet, Enpro-Derma, and Trichorich-L are some 
of the Trichoderma-based liquid formulations (Table 3.5)  [137].



Uses Company
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Table 3.5 Fungi-based commercial products used in agriculture 

Commercial fungus-
based products used in 
agriculture 

MycoApply Diehard 
Pro-Mix 

Enhance plant growth 
and development and 
phosphorus content 

Mycorrhizal Applications (Grants 
Pass, OR); Horticultural Alliance 
(Sarasota, FL); Premier Tech (Rivière-
du-Loup, Canada) 

Nitragin Gold ZHO 
N-Dure Twin N 

Nitrogen fixation Novozymes BioAg (Brookfield, WL); 
Botanicare (Chandler, AZ) 
IN TX Microbials, LLC (Kentland, 
IN); Active Soil (Evesham, UK) 

MaxQ Arkplus AR1 or 
AR37 

Provide biotic and abiotic 
stress resistance 

Pennington Seed Co. (Madison, GA); 
FFR Cooperative (Lafayette, IN); 
AgResearch Grasslanz (Palmerton 
North, NZ) 

Topshield, Rootshield Biocontrol Bioworks, Geneva, NY 

T-22G, T-22B Biocontrol TGT Inc., New York 

Harzian 20, Harzian 10 Biocontrol Natural Plant Protection, Nogueres, 
France 

Supraavit Biocontrol Bonegaard and Reitzel, Denmark 

Bio bus 1,00WP Biocontrol Nam Bac, Vietnam 

BioSpark Trichoderma Biocontrol Biospark Corporation, Philippines 

Trichoguard-WP, 
Trichoguard-L, Bio-Dart 

Biocontrol Ajay Bio-Tech (I) Limited, Pune 

Tricho-Card, NIPROT, 
NIPROT 

Biocontrol Biocontrol Research Laboratories, 
Karnataka 

Biolep, Bioderma, 
Biomonas, Biogramma 

Biocontrol Biotech International Limited, New 
Delhi 

Biovidi, Biozim, 
Bionizer, Sachcer 

Biocontrol Bioved Research and Communication 
Centre, Uttar Pradesh 

Esvin Pseudo, Biolarvex, 
Biogrubex, Biosappex, 
Eswin Tricho 

Biocontrol Esvin Advanced Technologies 
Limited, Tamil Nadu 

Sanjeemni, WP 
P-Suraksha, WP Daman 

Biocontrol International Panaacea Limited, New 
Delhi 

Prestop and Biobest Fungicide Adjuvant Plus Inc. (Endofine®) 

CONTANS WG Biofungicide Prophyta company (Malchow, 
Germany) 

JumpStart®, 
TagTeam®, and 
N-Prove® 

Biofertility (nitrogen 
fixing and phosphate 
solubilizing) 

Novozymes Biologicals BioAg Group 

MET52 Bioinsecticide Novozymes Biologicals BioAg Group 

Sources: Morton et al., 2014 [138]; Pandya et al., 2014 [139]; Bejarano and Puopolo 2020 [134]
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3.4 Conclusions 

Soil health has a significant impact on environmental sustainability, including 
agriculture. Soil health is mainly affected by soil microorganisms which balance 
soil quality, soil detoxification, and soil health restoration and also maintain plant 
health. The chapter presents the mechanism by which the fungi play a critical role in 
ameliorating soil quality including physical, chemical, and biological properties. The 
pivotal role of Trichoderma in biocontrol, plant growth promotion, and enhancing 
soil quality has been represented. Laccase, cytochrome P450, and LiP are the key 
enzymes involved in degradation of environmental pollutants. Multiple functions of 
fungi as shown in the chapter emphasize their involvement in soil detoxification, soil 
building, and soil health restoration. Because of which they represented an irreplace-
able segment of soil microbial diversity. Commercial fungal products to improve soil 
quality, plant growth, and biocontrol activity are discussed in this chapter. However, 
products for remediation of environmental pollutants are not common in the market. 
There is a huge scope for research in this area. More research is needed to determine 
the optimum method for preserving fungal biodiversity in soil, taking into account 
fungal roles and ecosystem services as disease control, contaminant detection, and 
bioremediation. It’s critical to have the correct tools and be able to identify species as 
well as characterize their environmental role. 
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Abstract 

Fungi of the order Mucorales and class Zygomycetes cause mucormycosis that is 
opportunistic and rapidly emerging. In recent years, an increase in cases has been 
observed in the healthcare setting, mainly in immunocompromised patients 
especially those with diabetes mellitus. The current challenge is a spike in 
mucormycosis cases in COVID-19 patients even post recovery. The elements 
fundamental for successful treatment are early diagnosis, management of 
predisposing factors, debridement of infected tissues surgically, and adequate 
antifungal therapy. The gold standard for diagnosis is histopathology in correla-
tion with clinical features and culture findings. Multiple molecular methods for 
detecting newer targets are under evaluation. The drug of choice for treatment is 
amphotericin B, whereas for salvage therapy, posaconazole or isavuconazole may 
be used. 
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4.1 Introduction 

Agents causing mucormycosis are distributed worldwide and are among the 
pathogens resulting in invasive fungal infections with an increase in incidence 
[1]. The third most common invasive fungal infection is mucormycosis, following 
aspergillosis and candidiasis, and accounts for 8.3–13% of all fungal infections 
diagnosed at autopsy in hematology patients [2]. The causative agents are fungi of 
the family Mucoraceae belonging to order Mucorales. The common genera, namely, 
Rhizopus, Mucor, and Lichtheimia (earlier Absidia), account for 70–80% of the 
cases, while <1–5% of reported cases are caused by Cunninghamella, 
Apophysomyces, Saksenaea, Rhizomucor, Cokeromyces, and Syncephalastrum. A  
characteristic feature of the Mucorales is that they can cause very serious infections 
with high morbidity and mortality even in relatively immunocompetent individuals, 
e.g., apart from patients with diabetes mellitus or neonates, those with wounds 
caused by surgery, trauma, and burns can also be affected. In spite of adequate 
surgical intervention and intensive antifungal treatment, the mortality of 
mucormycosis is high, ranging from about 50 to 100% depending on the form of 
disease. In contrast, 20–50% and 35–45% are the mortality rates for candidiasis and 
aspergillosis, respectively. Early diagnosis, treatment of underlying predisposing 
risk factors, surgical management, and timely administration of amphotericin B are 
required for successful management of mucormycosis. However, in spite of such 
aggressive measures, mucormycosis may not always be cured [1]. 

4.2 Microbiology 

Fungi of the order Mucorales are as mentioned below in Table 4.1 
The agents of mucormycosis have a varied geographical distribution. In European 

studies, the most commonly found were Rhizopus spp., followed by Lichtheimia 
spp. and Mucor spp. [5, 6]. In India, the second most commonly isolated were 
Apophysomyces spp. [7, 8]. Rhizopus homothallicus, Thamnostylum lucknowense, 
Mucor irregularis, and Saksenaea erythrospora are few of the newer emerging 
species [9]. 

Mucorales show rapid and good growth on both nonselective and selective 
media. The mycelial elements are fibrous and hence called “cotton candy-like.” 
The growth is so vigorous that it covers the entire plate in only a few days which 
gives the group the name of “lid lifters.” The agents responsible for mucormycosis 
are identified by both macroscopic and microscopic morphology, assimilation of 
carbohydrates, and maximum temperature conducive for their growth. 

A presumptive identification can be made based on macroscopic criteria that need 
to be confirmed by microscopic analysis post staining. Macroscopic features such as 
hyaline appearance, rapid and heavy growth, reverse side of the plate showing light 
coloration (tan to yellow most commonly), and sporulating or obverse surface 
showing variable degrees of coloration (pure white to tan, brown, gray, or even 
black) are characteristic of Mucorales, as in Fig. 4.1. Microscopy aids in speciation



which is based on demonstrating important fungal elements. Various elements such 
as rhizoids, stolons, and columella, which are usually visualized on lactophenol 
cotton blue (LPCB)-stained slides, as in Fig. 4.2, aid in differentiation of the species. 
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Table 4.1 Zygomycetes causing human infections 

Class, order Zygomycetes, Mucorales 

Family 
Genus 
Species 

Mucoraceae 
Apophysomyces 
A. elegans 
Mucor 
M. circinelloides 
M. hiemalis 
M. racemosus 
M. ramosissimus 
M. rouxianus 
Rhizomucor 
R. pusillus 
R. Miehei (animal pathogen) 
Rhizopus 
R. arrhizus/oryzae 
R. azygosporus 
R. microsporus 
var. microsporus 
var. oligosporus 
var. rhizopodiformis 
R. schipperae 
R. stolonifer 
R. delemar 

Lichtheimiaceae 
Lichtheimia (formerly Absidia) 
L. corymbifera 
L. ramosa 
L. ornata 

Cunninghamellaceae 
Cunninghamella 
C. bertholletiae 

Mortierellaceae 
Mortierella (animal pathogen) 

Saksenaceae 
Saksenaea 
S. vasiformis 

Syncephalastraceae 
Syncephalastrum 
S. racemosum 

Thamnidaceae 
Cokeromyces 
C. recurvatus 

Adapted from Ribes et al. [3, 4] 

Fig. 4.1 Macroscopic appearance of Mucorales (Sabouraud’s dextrose agar)
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Fig. 4.2 Microscopic appearance of Mucorales—lactophenol cotton blue mount 

4.3 Epidemiology 

In recent years, mucormycosis has become an issue of utmost importance owing to a 
rise in cases, mortality rates that are very high, and lack of effective or ineffective 
antifungal treatments. Considered a rare infection in the past, being limited only to 
patients with severe immunocompromised conditions, it has now been shown that 
numerous cases have also involved immunocompetent individuals, owing to 
improved diagnostic techniques [10]. 

4.3.1 Risk Factors 

Mucorales are found in soil and organic matter (decaying) and hence are ubiquitous 
saprophytes [2]. Mucormycosis affects patients of all ages, from premature neonates 
to even elderly people, who have various types of underlying conditions [1]. Malig-
nancy (63%), diabetes (17%), and solid organ transplantation (10%) were found to 
be the predominant underlying conditions for mucormycosis according to a global 
fungal infection registry data, which studied patients from Central Europe and Asia 
[11]. A detailed review of the reported cases showed that diabetes (36%), malig-
nancy (17%), solid organ transplantation (7%), deferoxamine therapy (6%), injec-
tion drug use (5%), and bone marrow transplantation (5%) were the commonly 
associated underlying conditions in decreasing order. 

Hematological Malignancies (HM) and Hematopoietic Stem Cell 
Transplantation The highest risk for mucormycosis is seen in patients with acute 
myeloid leukemia (AML), 1–8% being the range of incidence. The frequency of 
mucormycosis is lower in patients with autologous or allogeneic stem cell transplan-
tation, as compared to patients with AML, and ranges from 0.9% to 2.0%, with 
patients with graft-versus-host disease demonstrating the highest incidence [12].
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Solid Organ Malignancies and Transplantation Mucorales account for a small 
proportion of invasive fungal infections in solid organ transplant (SOT) recipients 
and show a high mortality rate. The incidence may range from 0.4% to 16.0% and 
depends on the type of transplantation [13–16]. The incidence in renal transplant 
ranges from 0.2% to 1.2%, while that in liver transplants varies from 0% to 1.6%. 
Heart transplant patients show an incidence of 0% to 0.6%, and those with lung 
transplants vary from 0% to 1.5% [2]. Eighty percent of the cases in solid organ 
transplant recipients was seen to occur within 6 months posttransplantation, as stated 
by Singh et al. [17]. Pulmonary infection was more common in patients with 
malignancy, whereas, sino-orbital and rhinocerebral diseases were commonly seen 
in patients with diabetes mellitus [1]. The host’s immune function along with other 
pathological and anatomical factors could probably be the reason for this differential 
spectrum [18]. 

Diabetes Mellitus and Ketoacidosis 36–88% of mucormycosis cases have been 
seen in patients with diabetes mellitus as a predisposing factor. The patient becomes 
more susceptible due to uncontrolled hyperglycemia especially if this coexists with 
ketoacidosis. In some patients with undiagnosed diabetes mellitus, mucormycosis 
may be the first manifestation. Patients with metabolically controlled diabetes rarely 
present with mucormycosis [12]. 

Corticosteroid Use and Rheumatic Diseases The patient’s susceptibility to 
mucormycosis is enhanced by chronic corticosteroid-based therapy mainly due to 
the defects in macrophages and neutrophils and/or at times steroid-induced diabetes. 
Hypocomplementemia, nephrotic syndrome, uremia, leukopenia, etc. are other 
predisposing factors for opportunistic mucormycosis. In patients with Wegener’s 
granulomatosis, a relapse of the underlying disease may be mimicked by 
mucormycosis and hence may go undiagnosed [19]. 

Iron Overload and Chelation Therapy with Deferoxamine Deferoxamine, also 
known as DFO, is an iron-chelating agent used in dialysis recipients to treat iron 
and/or aluminum overload. This is found to be a risk factor for angioinvasive 
mucormycosis [20, 21]. Apart from DFO, transfusional or dyserythropoietic iron 
overload by itself is a risk factor for mucormycosis [2, 12] resulting in high mortality 
rates of up to 80% [22]. 

Prolonged Use of Voriconazole The extensive use of voriconazole as a broad-
spectrum antifungal agent in patients with malignancies and stem cell transplant 
recipients has resulted in an increase in global mucormycosis incidence in such 
patients by putting them at a high risk [12]. Patients receiving itraconazole prophy-
laxis may also be at an increased risk of mucormycosis. Patients receiving 
posaconazole or echinocandins prophylactically have also been shown to have 
breakthrough mucormycosis [3, 23, 24].
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HIV or AIDS Increased risk of developing mucormycosis is not noted in cases of 
HIV infection, probably because T lymphocytes are involved in immunity against 
HIV, whereas neutrophils play a major role in defense against Mucorales. If at all 
mucormycosis occurs in an HIV patient, it is usually due to intravenous drug use [2]. 

No Underlying Disease or Immunocompetent Patients Patients without risk 
factors or immune deficiency rarely have mucormycosis. Such patients may have 
trauma or burns resulting in primary cutaneous mucormycosis. Mucormycosis may 
also be caused by iatrogenic factors such as use of catheters and other devices that 
may disrupt the mucocutaneous barriers. Occurrence has also been reported post 
exposure to fungal spores in contaminated bandages [12, 25]. 

Other Factors Traumatic inoculation along with water and soil contamination may 
also result in mucormycosis [25]. In patients with malaria, severe hemolysis, meta-
bolic acidosis, and malaria-induced immune suppression may predispose such 
patients to Mucorales infection. Other conditions that have been associated with 
mucormycosis are cirrhosis, congenital heart disease, malnutrition, carcinoma, ane-
mia, hepatitis, glomerulonephritis, uremia, amoebiasis, typhoid fever, and 
gastroenteritis [2]. 

Nosocomial Mucormycosis Construction work, air filter contamination, or 
contaminated procedures and devices associated with healthcare, like contaminated 
wound dressings, nitrate patches (transdermal), intravenous catheters, tongue 
depressors, allopurinol pills, etc., have been found to be associated with nosocomial 
mucormycosis [26]. Mini-iatrogenic outbreaks have also been documented 
[27, 28]. Defective ventilation systems and leakage of water have also been 
associated with outbreaks [9]. 

Diabetes and hematological malignancies are the major causes of mucormycosis 
in the developed countries [29], while uncontrolled diabetes, stroke, and trauma are 
the major underlying factors in developing countries like India [1, 12, 30]. A 
characteristic finding is that even relatively immunocompetent hosts may land up 
with serious mucormycosis infection, whereas classically defined immunocompro-
mised hosts (e.g., patients on chemotherapy, transplant recipients, or inherited 
immunodeficiencies) are affected by other filamentous fungi [18, 31]. As a hetero-
geneous group of population is affected, defining a specific population at risk in 
order to target the same is actually difficult. Mucorales themselves are ubiquitous in 
nature, thus posing a serious challenge in monitoring such patients and early 
detection of the fungus. 

4.3.2 COVID and Mucormycosis 

A global public health event of concern is the coronavirus disease 2019 (COVID-19) 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
[32, 33]. SARS-CoV-2 results in lower respiratory tract infection that may result



in acute respiratory distress syndrome (ARDS) [34]. This outcome is widespread 
alveolar damage along with serious inflammatory exudation and immunosuppres-
sion resulting in reduction of CD4+ and CD8+ T cells [35]. Fungal co-infections are 
likely to develop in critically ill patients, mainly those in intensive care units (ICUs) 
who require mechanical ventilation, or those having prolonged duration of hospital 
stay [35, 36]. Superadded fungal infections may occur during the middle and later 
stages of the disease, especially in severely ill COVID-19 patients [37]. In the 
current global scenario with the rampant spread of COVID-19, an issue of concern 
in India and in some other countries is the occurrence of black fungal infection or 
mucormycosis in such patients during therapy or even posttreatment as a complica-
tion. The incidence of mucormycosis in COVID-19 patients is mainly due to the use 
of steroids as a mainstay of treatment to suppress highly active immune system. 
Based on the recent scenario of increasing mucormycosis cases in COVID-19 
patients, it becomes important to monitor the patients even after complete recovery 
from this disease. According to a systemic review report, the common forms of 
mucormycosis seen in COVID-19 patients are pulmonary mucormycosis, rhino-
orbital-cerebral mucormycosis, gastrointestinal mucormycosis, and disseminated 
mucormycosis [38]. By observing the early symptoms of mucormycosis in such 
patients, early identification and treatment is possible in order to halt the spread of 
the disease to other organs as well as to decrease mortality rate [30]. 
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It has been opined that there are different causes for mucormycosis in COVID-19 
patients. Incidence of mucormycosis is high in COVID-19 patients with uncontrol-
lable diabetes and those on steroids especially in India, where uncontrolled diabetes 
mellitus is the most common predisposing factor for mucormycosis [39, 40]. During 
the infection of COVID-19, the iron containing ferritin level increases in patient’s 
body which acts as a rich source of iron and is a good precursor for the growth of 
mucormycosis. Another reason is the use of unsterile oxygen. Mucorales usually 
grow in damp areas and can also be found in the inner surface of the water tanks. 
Hence, it is highly important to examine the water used for oxygenation regularly in 
COVID-19 patients. Also, the usage of sterile cannula and oxygen mask is highly 
important to prevent entry of fungal spores in COVID-19 patients [30]. In COVID-
19 patients, post organ transplantation, risk for mucormycosis increases as they are 
on steroids for immunosuppressive activities. In such cases, in spite of antifungals 
and surgical intervention, the mortality may be very high [41]. A number of cases 
have been reported till now by doctors across the country. Although steroid usage 
cannot be stopped in COVID-19 patients, but by taking proper care, by maintaining 
hygiene, and by early diagnosis and treatment, the spread and severity of 
mucormycosis can be reduced [30, 42]. 

Mucormycosis in COVID-19 patients can be prevented by judicious and 
supervised use of systemic corticosteroids and tocilizumab as per guidelines, contin-
uous monitoring and strict control of diabetes mellitus, following aseptic precautions 
during oxygen administration, environmental and personal hygiene, oral Betadine 
gargles, nose and mouth cover by mask, and administration of oral posaconazole 
prophylactically especially in high-risk patients [43].
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4.4 Pathogenesis 

An understanding of the pathogenesis of mucormycosis is essential to develop newer 
strategies for management. Colonization or invasion of deep tissues by Mucorales is 
mainly by inhalation, ingestion, or inoculation percutaneously. The phagocytes of 
the immunocompetent host are the first line of defense and kill the spores of 
Mucorales mainly by generating oxidative metabolites and cationic peptides called 
defensins [12, 44–46]. It is due to this feature that severely immunocompromised 
patients with neutropenia and patients with phagocyte dysfunction (as in hypergly-
cemia) are at a greater risk of mucormycosis. The spores can invade blood vessels if 
at all they escape phagocytosis, partly due to effective adherence to endothelial cells. 
This ability is maintained by Rhizopus oryzae even in a nonviable state [47]. The 
growth of Mucorales is inhibited by normal serum. Serum acidosis, in vitro, hence is 
conducive for the growth of Rhizopus spp. [48]. Even though Mucorales have been 
shown to share various immunopathogenic features with other filamentous fungi 
[49], they possess certain virulence characteristics which are unique, resulting in 
specific interactions between host and pathogen, which further aid in host evasion 
and progression of disease making the outcome all the more lethal [50]. 

Few such characteristics are as follows: 

(a) Decreased susceptibility to innate host defense than other commoner fungi 
[51, 52]. 

(b) Different patterns of susceptibility to host responses among various species 
within the order Mucorales like triggering of a defective oxidative burst in 
human phagocytes or an increase in resistance to hyphal damage caused by 
phagocytes in vitro etc. [53, 54]. 

(c) Increased virulence owing to production of a stronger pro-inflammatory 
response [54]. The recognition patterns of the fungal cell wall may be differently 
recognized by the dectin receptors and toll-like receptors resulting in the 
modified expression of chemokines and cytokines, i.e., stimulatory molecules 
for immune response [36, 55]. 

(d) Widespread angioinvasion resulting in thrombosis of vessels and necrosis of 
tissues. This causes hematogenous dissemination and ischemic necrosis of the 
infected tissue, thus preventing the penetration of leukocytes and antifungal 
agents to the infected areas [50, 56, 57]. An interaction between CotH3 (a spore-
coating protein family on the surface of Rhizopus spp.) and GRP78 (glucose 
regulator protein 78 on endothelial surface) has been found to be cause of 
angioinvasion [58]. CotH3-GRP78 interaction is noted on nasal epithelium 
also. An interaction between CotH7 and B1 integrin on alveolar epithelial 
cells activates the EGF signal pathway resulting in invasion of the host cells 
by the fungus [59]. An increase in the signaling of platelet-derived growth factor 
receptor B (PDGFRB) occurs when CotH and epithelial cell contact takes place 
that provides suitable growth factors for the Mucorales. CotH3 also plays the 
role of invasin and mediates immune cell damage, thereby promoting infection. 
T cells, specific  to  Mucorales, are produced by the mature hyphae which induce
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cytokines with pro-inflammatory activity such as interleukins (IL-4, IL-10, and 
IL-17) and interferon gamma (IFN-γ) that result in stimulation of CD4+ T cells 
and cause further damage to the host cells. Further, the release of immunomod-
ulatory molecules such as RANTES (regulated upon activation, normal T-cell 
expressed and secreted) and IFN-γ (produced by natural killer or NK cells) is 
suppressed by the mature fungal hyphae [60]. 

(e) Utilization of host iron in patients with diabetic ketoacidosis and patients 
receiving dialysis or multiple transfusions who are given iron chelator 
deferoxamine. Deferoxamine is a siderophore that is used by the fungus to get 
access to iron which was unavailable previously [48, 50, 61]. Due to the acidosis 
in patients with ketoacidosis, there is dissociation of iron from proteins that trap 
it, and this in turn enhances the survival and virulence of the fungus. 
β-Hydroxybutyrate, a ketoacid, boosts host and fungal receptor expression, 
which promotes fungal adhesion and penetration into tissues [3, 62]. 

(f) Impairment of ability of macrophages to prevent sporangiospore germination by 
use of corticosteroids for immunosuppressive therapy and diabetes mellitus 
[63, 64] resulting in increased pathogenicity. In macrophages, corticosteroids 
cause impaired migration, ingestion, and phagolysosome fusion. A significant 
risk factor for mucormycosis is use of high-dose systemic corticosteroids for 
more than 3 weeks of duration [65]. Phagocytic movement toward the source of 
infection and lytic capacity by various mechanisms (both oxidative and 
non-oxidative) is reduced by ketoacidosis [29, 66]. Mucormycosis risk is 
increased by hyperglycemia even without acidosis, where proteins for 
sequestering iron are hyperglycated, normal sequestration of iron is disrupted, 
and GRP78 is upregulated, thus enabling tissue penetration, induction of phago-
cytic functional defects, and enhanced CotH expression [3]. 

(g) Recently, it was found that the virulence of Mucorales was enhanced selectively 
after exposure to voriconazole [67]. This was found in hemato-oncological 
patients in whom voriconazole was given as a broad-spectrum antifungal pro-
phylaxis against Aspergillus [68]. 

(h) Other potentially important virulence factors include Rhizopus spp. mycotoxins 
and lytic enzymes, but their contribution to Zygomycetes pathogenicity needs to 
be evaluated further [50]. Mucoricin is the only toxin identified till now, 
secreted by Rhizopus delemar during spore germination. It resembles the plant 
toxin ricin and contributes to the pathogenesis by enhancement of 
angioinvasion, inflammation, and destruction of tissues [69]. 

4.4.1 Mucormycosis in COVID-19 Cases 

Cytokine storm is an unregulated immunological reaction brought on by SARS-
CoV-2 infection. Additionally, CD4+ and CD8+ T cells’ ability to orchestrate 
immunological responses in COVID-19 patients declines. Silent hypoxia occurs as 
a result of the atelectasis due to SARS-COV-2-driven pneumonia. Under normal 
circumstances, the hypoxia-inducible factor-1 (HIF-1) is dormant, but in COVID-19,



the HIF-1 transcription factor subunit plays a significant role in the activation of 
innate and adaptive immune cells and hypoxia-induced endothelial cell damage, 
leading to increased localized inflammation and tissue damage [60]. 
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Two primary cellular reactions are started by the immune system in response to 
an invasive infection. One is induction of Type 1 interferons, which warns the 
neighboring cells and prepares them to ward off the virus. Another response is the 
activation of the transcription factor nuclear factor kappa B (NF-κB), which 
promotes the release of chemoattractant proteins that draw cells of the innate and 
adaptive immune system, such as T cells, B cells, monocytes, neutrophils, and 
natural killer (NK) cells, to the site of infection. SARS-CoV-2 is distinctive in that 
it inhibits INF-1 while inducing NF-κB, enabling unrestricted SARS-CoV-2 replica-
tion. Hence, the amount of immune infiltrate generated is significant with neutrophil 
infiltration being most dominant ultimately causing cytokine storm. Respiratory 
distress occurs due to the infiltrate in combination with a blocked interferon induc-
tion. Fungal invasion is more likely due to direct airway epithelial cell injury and 
inhibition of INF-1 pathways. A risk factor for mucormycosis is further use of 
corticosteroids. Altered iron metabolism is seen in COVID-19 infections in the 
form of hyperferritinemic syndrome [60]. 

4.5 Clinical Manifestations 

Sinuses are most involved in mucormycosis (39%), followed by the lungs (24%), 
skin (19%), brain (9%), gastrointestinal tract (7%), and other sites (6%), or it may 
manifest as a disseminated illness (6%) [18]. Most cases (44–49%) of mucormycosis 
are of the rhino-orbito-cerebral type, with cutaneous (10–16%), pulmonary 
(10–11%), disseminated (6–11.6%), and gastrointestinal (2–11%) presentations 
following [70–72]. The clinical diagnosis of mucormycosis, except for rhino-
cerebral and cutaneous mucormycosis, is challenging and frequently made at a 
later stage of the disease or at post-mortem [73]. After infection, black-colored 
lesion is produced due to which mucormycosis is also known as black fungus [30]. 

Rhino-cerebral form accounts for majority (33–50%) of all mucormycosis cases. 
Uncontrolled diabetes mellitus and leukemia are the most common underlying 
conditions linked to this clinical presentation [2, 4, 25, 74–77]. Necrosis of the 
palate or sinuses may be the first clinical sign that may advance to the orbit before 
affecting the intracranial tissues and causing cavernous sinus thrombosis and cranial 
invasion [3, 78, 79]. Black sores on the palate or nasal mucosa, together with clinical 
association, are particularly suggestive of mucormycosis, albeit they may not be 
present in 50% of cases [80, 81]. This form results in very high mortality ranging 
from 30% to 69%. A bad prognosis is indicated by treatment delays of more than 
6 days, invasion of intracranial structures or palate, and bilateral involvement and in 
case of hematological malignancies [25, 82]. 

The next frequent manifestation is invasion of the lung following the inhalation of 
spores resulting in respiratory manifestations with a mortality rate of over 60% 
[25]. It is challenging to distinguish between mucormycosis and invasive



aspergillosis as the most frequent underlying diseases observed are neutropenia-
associated hematological malignancy and diabetic mellitus [4, 73]. Symptoms are 
nonspecific and include fever, hemoptysis, and pleural discomfort. Tracheal or 
endobronchial lesions are frequent [83, 84], and large vessel involvement may result 
in fatal hemoptysis [85]. Invasive aspergillosis and mucormycosis both exhibit 
radiological features of vascular invasion, thrombosis, and tissue necrosis, which 
creates a difficult diagnostic situation. 
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Central nervous system involvement may occur as the disease progresses from 
the rhino-orbital pathway or as a central nervous system-specific clinical manifesta-
tion [86, 87]. Intravenous drug use may predispose to mucormycosis of the central 
nervous system [88, 89]. Magnetic resonance imaging scans frequently show lesions 
and basal lymph node involvement. Cerebrospinal fluid may exhibit nonspecific 
meningitis signs, although yield in culture is quite low [25]. 

Cutaneous and soft tissue mucormycosis can develop on healthy skin or after a 
barrier has been compromised, such as after surgery, trauma, burns, catheter inser-
tion sites, or even bug bites. Additionally, it has been reported following intramus-
cular injections and the use of contaminated dressings [25]. Pustules, vesicles, or 
wounds with large necrotic zones are some of the clinical signs of cutaneous 
mucormycosis. Lesions may resemble ecthyma gangrenosum lesions in their early 
stages. The death rate for necrotizing fasciitis brought on by mucormycosis is close 
to 80% [3]. 

Involvement of the digestive tract may also occur with up to 98% mortality 
[90]. Delivery of medications prepared using applicator sticks that may be 
contaminated may result in nosocomial gastrointestinal illness [3]. The vague 
features of gastrointestinal mucormycosis, such as hematemesis or melena or just 
abdominal pain, result in delayed diagnosis [91]. 

Mucormycosis may cause endocarditis in natural or prosthetic valves and may 
result in intrusion and blockage of the major vessels with very high mortality. 
Nephrectomy is a necessary component of treatment when mucormycosis affects 
the kidneys. Certain occurrences of peritoneal mucormycosis have been reported in 
patients receiving continuous ambulatory peritoneal dialysis, which typically 
develop as a sequela of an old bacterial peritonitis [25]. Mucormycosis may rarely 
present as osteomyelitis which may be secondary to other forms of mucormycosis or 
by inoculation following trauma or surgery [2]. Leukemia patients and intravenous 
drug users may show brain involvement (usually the basal ganglia) without rhino-
orbital involvement [92]. Disease involving only the trachea, ear, mastoid, bone, oral 
mucosa, bladder, or mediastinum alone is uncommon [12]. 

Involvement of more than two contiguous organs is labeled as disseminated 
mucormycosis. 23–62% of such cases are seen in patients having hematological 
disorder with severe immunosuppression and neutropenia [93, 94]. Corticosteroid 
use, immunosuppression post organ transplant, chemotherapy, and deferoxamine 
use are risk factors. Itraconazole or voriconazole prophylaxis may also predispose to 
disseminated disease [3]. Mortality of nearly 100% has been associated with this 
form [2, 94].
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The varied presentations usually make early identification and management 
difficult. 

4.6 Diagnosis 

Accurate and early diagnosis is the mainstay for improving the prognosis of 
mucormycosis. But most cases are confirmed only at postmortem evaluation 
[6, 95, 96]. The nonspecific clinical appearance of mucormycosis and many 
shortcomings of the currently used diagnostic methods are factors that make a 
diagnosis difficult. In contrast to renal (44%), pulmonary (31%), disseminated 
(0%), and gastrointestinal (0%) forms of mucormycosis, Chakrabarti et al. found 
that cutaneous (100%) and rhino-orbito-cerebral (91%) mucormycosis were most 
accurately detected antemortem [73]. 

Certain clinical manifestations like necrotic naso-sinus eschars, diplopia, necrotic 
cutaneous lesions, pleuritic pain, etc. have a high predictive value [12, 96] but they 
are nonspecific. Infections by other pathogens with angioinvasive nature, such as 
Aspergillus spp., Scedosporium spp., Fusarium spp., and Pseudomonas aeruginosa, 
are considered as differential diagnosis. Early detection of mucormycosis 
necessitates a suspicion of high index and timely identification of host risk variables. 
Mucorales are ubiquitous, and hence invasive mucormycosis can be definitively 
diagnosed by histopathology studies or a positive sterile site culture (such as a needle 
aspirates, tissue biopsy material, or pleural fluid) [3]. 

The current modalities available for diagnosis are as follows: 

(a) Direct examination: Direct microscopy can be accomplished using a variety of 
methods, including 20% potassium hydroxide treatment, Gomori’s methena-
mine silver staining, hematoxylin and eosin staining, and periodic acid-Schiff 
staining. A quick presumptive diagnosis is possible with the use of optical 
brighteners in clinical specimens, such as Blankophor and Calcofluor White 
[97]. Mucorales have broad, ribbonlike aseptate to pauciseptate hyphae with 
hyphal branching angles ranging from 45 to 90 degrees, according to traditional 
descriptions [98]. But wet mounts may not suffice in detection of hyphae of 
Mucorales or hyphae may not be abundant enough to be seen. 

(b) Fungal culture and identification: This is important for epidemiology, prog-
nosis, and therapy [1]. Mucorales can be grown on routine culture media for 
bacteria and fungi, like Sabouraud’s dextrose agar with 25–55 °C being the 
growth temperature range. Mucorales found in clinical specimens grow at 37 ° 
C, forming cottony white, gray, or brownish colonies that quickly fill the Petri 
dish, usually within 24–96 h (latest by 1–7 days) [4, 71, 99]. Mucorales’ 
recovery from clinical microbiology laboratory specimens is difficult. Invasive 
procedures to obtain the required material may pose a significant risk, particu-
larly in critically ill patients with coagulopathy or thrombocytopenia. Culture 
has limited sensitivity as homogenization or grinding the specimen aggressively 
before plating may destroy the coenocytic hyphae [1, 2, 25]. Preferable is to cut



4 Emerging Mucormycosis: Problems and Treatments 109

such specimen into small pieces prior to plating. As optimal growth temperature 
varies greatly between isolates, it is recommended to incubate cultures at room 
temperature and 37 °C [3]. 
R. pusillus and Lichtheimia corymbifera have been successfully identified using 
the ID32C kit (bioMérieux, Marcy-l’Étoile, France). The API 50CH 
(bioMérieux) [100] has been used for identifying Mucor species. However, 
neither test could differentiate M. circinelloides and M. rouxii. ID32C along 
with assimilation of melezitose detects L. ramosa [101]. Wide, aseptate hyphae 
on slides or in culture should always be viewed cautiously because they could 
represent colonization. Confirmation needs a combination of symptoms that are 
consistent with tissue invasion as shown histologically. 

(c) Histopathology: The most accurate diagnosis can still be made through biopsy 
and histopathologic analysis. Microscopically, distinctively wide (between 
6 and 30 μm), thick-walled, ribbonlike aseptate hyphal components with right-
angle branches can be detected. Other fungi have septa that are thinner and 
branch at acute angles, including Aspergillus, Fusarium, and Scedosporium 
species. Sometimes when tissue is processed, folding causes artificial septa to 
form. Hematoxylin and eosin or periodic acid-Schiff stains are best for 
visualizing the Mucorales [3]. Cultures are negative in two-thirds of cases that 
are diagnosed histopathologically [102]. HPE also aids in differentiating 
whether the fungus is a pathogen or culture contaminant. Angioinvasion and 
infarction of surrounding tissue are common findings. Perineural invasion was 
noted by Frater et al. in 90% of biopsies, which may explain the occurrence of 
rhino-orbital-cerebral disease [98, 103]. It is essential to explain the histological 
vessel invasion, by aseptate, wide hyphae branching at right angles because this 
is diagnostic in the right clinical context [25, 104]. In their analysis of 20 cases, 
Frater et al. found that a neutrophilic inflammatory response was present in 50% 
of cases, neutrophils and granulomas together were present in 25% of cases, 
granulomas alone were seen in 5% of cases, and inflammatory response was 
absent in 20% of cases. This suggests that the inflammatory response produced 
by Mucorales may be variable [98] which may pose a problem in accurate 
diagnosis. The main drawback of histopathological testing is that the genus and 
species are not identified, therefore requiring cultural correlation. 

(d) Biomarkers/serology: Mucorales lack 1,3-β-D-glucan (BDG) and 
galactomannan (GM) in their cell walls. Therefore, for diagnosis of 
mucormycosis, neither of the biomarker assays are helpful [105]. But they 
may be of negative predictive value as BDG is negative in mucormycosis 
(97.8% specificity) and GM is usually negative in mucormycosis (89% specific-
ity) [56, 106]. 
When cultures are negative, immunohistochemistry utilizing monoclonal 
antibodies against Rhizopus arrhizus (recently made available commercially) 
can help with the diagnosis. It has been shown to have 100% sensitivity and 
specificity for distinguishing aspergillosis from mucormycosis [107, 108] and 
has been recommended by European Confederation of Medical 
Mycology [106].
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(e) Molecular methods: Molecular identification is possible, which supports rapid 
and precise diagnosis. The most reliable method for molecular systematics at the 
species level has been ITS sequencing, which is advised as the first-line test for 
Mucorales species identification [106]. In some cases, the only material avail-
able for diagnosis is biopsy samples which are formalin-fixed and paraffin-
embedded, and these can also be used for molecular tests. In these situations, 
most molecular methods rely on PCR assays, which may perform poorly since 
formalin fixation is linked to DNA damage. Further drawbacks of molecular 
methods are capacity for providing quick results, time to detection, and limited 
sensitivity [96, 109]. 
Another tool having a high accuracy for determination of fungi from cultures is 
MALDI-TOF [110]. Vitek MS (France) and Bruker Biotyper (Germany) are the 
currently commercially available FDA-approved MALDI-TOF MS platforms. 
The benefit of this method is that it quickly identifies fungi in isolates or direct 
clinical specimens within 30 min. T2 magnetic resonance (T2MR) (T2 
Biosystems) is another commercially available FDA-approved platform where 
the complex of target organism and target-specific agent-coated particles is 
observed in the altered microenvironment of the surrounding water molecules, 
aiding in quick identification even when levels of fungus is low [60]. Also, for 
detection of invasive mold infections from blood specimens, next-generation 
sequencing (NGS) may be useful [111]. For detection of fungi in tissues, several 
methods have been developed such as nested PCR, real-time PCR, nested PCR 
with RFLP [112], PCR with electrospray ionization mass spectrometry 
(PCR/ESI-MS) [113], and PCR with high-resolution melt analysis (HRMA) 
[114]. Many of these techniques, which work better on fresh or deeply frozen 
samples than on paraffin-embedded tissues, have apparently been effectively 
used. The success of the PCR depends on the choice of target [115]. The targets 
evaluated so far are 18S rRNA, 28S rDNA, iron permease I gene FTRI or 
cytochrome b, the mitochondrial gene rnl, or the specific CotH gene that aid in 
identification of Zygomycetes species from cultures [9, 116]. 

When tested on serial blood samples from patients with culture-positive 
invasive mucormycosis, a new commercial pan-Mucorales real-time (qRCR) 
kit (MucorGenius® , PathoNostics, Maastricht, the Netherlands) was found to be 
a quick user-friendly diagnostic test with 75% overall sensitivity and provided 
results a few days to weeks prior to final diagnosis. Genus identification is not 
feasible, and it might not be able to detect a light fungal burden [117, 118]. 

In samples, where histopathology is suggestive of characteristic Mucorales, 
molecular methods usually confirm the diagnosis and thus are recommended 
[106]. As per recent studies, qPCR on BAL samples has been found to be of 
value with respect to quicker diagnosis and better prognosis in pulmonary 
mucormycosis cases [114]. 

(f) Imaging: In immunocompromised patients with invasive disease, diagnostic 
imaging, particularly CT scan, is important for early diagnosis. Simple radiog-
raphy and computed tomography studies in rhino-orbital disease reveal sinus, 
orbit displacement, and invasion of the surrounding bone structures. Magnetic



resonance imaging is the preferred method when intracranial structures are 
impacted [25]. But features seen radiologically are not characteristic of 
mucormycosis and infection cannot be excluded by their absence. Numerous 
pulmonary mucormycosis-related lesions, including nodules, cavities, halo 
signs, wedge-shaped lesions, reverse halo signs, and pleural effusions, may 
also be seen in other angioinvasive organisms, such as Aspergillus spp., 
Scedosporium spp., Fusarium spp., and P. Aeruginosa [96, 119]. PET CT 
using [18F]-fluorodeoxyglucose (FDG) can also aid in the detection and treat-
ment of mucormycosis [120]. When possible, endobronchial fine needle aspira-
tion under ultrasound guidance is also a useful diagnostic tool [121]. 

Future diagnostic prospects:
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– Molecular: In spite of the Mucorales being angioinvasive, blood cultures remain 
negative. But fungal DNA may still circulate in the blood. As a result, there is a 
lot of focus on noninvasive techniques (like qPCR) for the detection of 
mucoralean DNA that is present in the urine or blood. Multiple studies have 
demonstrated that serum Mucorales PCR is a highly accurate and quick diagnos-
tic tool with low detection threshold for the diagnosis of invasive mucormycosis 
in immunocompromised patients, detecting the infection 3–68 days sooner than 
the standard approaches. This method may also assist in monitoring of therapy 
[9]. Techniques such as WGS and CRISPR-Cas9 that detect the cell-free DNA 
(cfDNA) in blood may be useful as an aid to early diagnosis owing to their high 
sensitivity. 

– Serology: New serological targets are being researched, and this is challenging as 
no biomarkers, specific for mucormycosis, are available for rapid identification. A 
sandwich ELISA using monoclonal antibody (2DA6) has been evaluated and has 
been shown to react strongly with the purified fucomannan of Mucor spp. The 
next test evaluated on clinical samples was a lateral flow immunoassay (LFIA) 
that detected fucomannan present in cell walls of Mucorales. LFIA could be used 
as a rapid test on serum, BAL, tissue, and urine and was easier to use than ELISA. 
In mouse models, within 3–4 days of infection, the test was able to quickly and 
precisely identify R. delemar, L. corymbifera, M. circinelloides, and 
C. bertholletiae [9]. Techniques including ELISA, immunohistochemistry, 
immunodiffusion, and immunoblots could be further examined for commercial 
application on the basis of the specific antigens [60]. Potentially useful as a 
reliable marker for the detection of invasive mucormycosis are Mucorales-spe-
cific T lymphocytes [122]. 

– Metabolomics (breath test): Rhizopus arrhizus var. arrhizus, R. arrhizus var. 
delemar, and R. Microsporus, the three species which commonly affect human, 
were used to study the breath profiles of volatile metabolites in an experimental 
invasive mucormycosis mouse model. The method used was thermal desorption-
gas chromatography-tandem mass spectrometry (GC-MS), and controls used 
were Aspergillus fumigatus-infected mice. It was seen that the above Mucorales 
species exhibited different breath profiles of sesquiterpene, a volatile metabolite. 
This could aid in identification of such in vivo infections along with
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differentiating them from each other and also from aspergillosis. Thus, this is a 
potential noninvasive method that can be used for diagnosis and also for moni-
toring the therapeutic response. Moreover, it may be used as an additional 
diagnostic tool along with Aspergillus galactomannan, in high-risk patients like 
those with neutropenia post leukemia treatment or those being taken up for stem 
cell transplantation, to screen for mold infections. But even though promising, it 
needs further evaluation [123]. 

– Biosensors: Technologies employing biosensors have been found to be useful for 
the detection of fungi. Biosensor is an analytical tool that converts physical or 
chemical signals into electrochemical or optical signals in order to measure the 
concentration of a bio-analyte. These have been experimented in case of 
C. albicans and Aspergillus fumigatus. The development of biosensors would 
be of utmost importance given the current global situation, for the quick and early 
identification of mucormycosis, as well as for monitoring response to treatment 
based on particular marker analytes. 

Accurate and rapid diagnosis of mucormycosis is very important, and diagnosis is 
based on quick risk factor recognition, clinical findings, and radiological features, 
along with detection of fungus in clinical specimen, by direct (culture, microscopy, 
and histopathology) or indirect (antigen detection or identifying cell wall 
constituents) methods until newer methods of diagnosis (molecular and biomarkers) 
are developed and approved [25, 30, 96]. In the future, the availability of cutting-
edge, minimally intrusive techniques for safe sampling of tissues and the detection of 
pathogens by molecular methods may clarify many murky clinical situations [124]. 

4.7 Management 

The management of mucormycosis consists of rectification of underlying factors, 
debridement or resection of the affected tissue, and adequate therapy with antifungal 
agents. Diagnostic delay may worsen the prognosis and hence high suspicion index 
is necessary [25]. Diabetic ketoacidosis and corticosteroids/deferoxamine suppres-
sion are predisposing factors that can be managed. The prognosis of invasive fungal 
infections in the immunocompromised has improved overall owing to the use of new 
antifungal drugs. However, the mortality documented overall is more than 50% as 
the Mucorales are invasive in nature and many a times use of antifungal therapy 
alone is ineffective resulting in 100% mortality mainly in patients having 
disseminated infection [6, 18]. In mucormycosis, thrombosis of blood vessels and 
the ensuing tissue necrosis might make it difficult for antifungal medicines to reach 
the infection site. Necrotic tissue debridement is therefore essential for the death of 
illness. If possible, early and proper surgery is the best for mucormycosis therapy. In 
very extended forms, surgery plus antifungal medication is always preferable to 
antifungal therapy alone [25]. A delay in treatment (amphotericin B therapy) of more 
than 6 days of initial infection increases the mortality rate by two folds at the end of 
12 weeks post the diagnosis [125].
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The absence of significant clinical studies is one of the major challenges in 
researching the therapy of mucormycosis. The disease’s rarity, high associated 
costs, challenge of designing multicentric trials, and existence of variables, such as 
surgery, that might impede the interpretation of data, are a few possible explanations 
for the same. The results of antifungal susceptibility testing studies, the findings of 
studies using animal models, and the knowledge obtained from human cases all play 
a role in the selection of the best antifungal agent [25]. The pharmacological target 
for treatment of fungal diseases becomes limited because target sites of eukaryotic 
pathogens are similar to those in humans [126]. 

By substituting just one amino acid in the sequence alignment of the azole target – 
lanosterol 14a-demethylase CYP51 F5 proteins—Mucorales exhibit intrinsic resis-
tance to short-tailed azoles. The overexpression of multidrug transporters is another 
frequent method of acquired azole resistance. Transient resistance has also been 
reported as a result of an acquired epigenetic mechanism. In the drug’s presence, this 
technique silences the gene responsible for encoding the target protein or the 
enzymes that transform the drug into a harmful chemical, thus producing epimutants 
that are RNA interference (RNAi)-dependent [59]. Different Mucorales react differ-
ently to antifungal medications. For instance, Mucor circinelloides exhibits greater 
posaconazole susceptibility, Rhizopus oryzae exhibits in vitro posaconazole resis-
tance, and Cunninghamella often has higher MICs for amphotericin B [96]. Addi-
tionally, the same species may respond differently to the same antifungal group. For 
instance, Rhizopus oryzae responds differently to various triazoles, with 
voriconazole having less activity than posaconazole, possibly as a result of diver-
gence and increased copy number of the triazole target gene, i.e., duplicated ERG11 
[127]. As a result, Rhizopus oryzae exhibits four to eight dilutions higher MICs for 
itraconazole and posaconazole than those for Aspergillus fumigatus, and fungicidal 
activity is not attained over a safely feasible range of drug concentrations. Patients on 
voriconazole frequently develop Rhizopus oryzae infections suggesting that this 
antifungal medication is inefficient against Rhizopus oryzae. 

Targets Available for Mucormycosis Therapy These include (1) binding of 
polyene to cell membrane ergosterol, causing pore formation in the membrane; 
(2) cytochrome p450 enzyme (14-α-demethylase) inhibition by posaconazole, 
resulting in disruption of ergosterol synthesis; (3) interference with fungal cell 
wall β-glucan cross-linking by echinocandin; and (4) iron chelation therapy with 
deferasirox that blocks iron uptake essential for growth. Additionally, adjuvant 
therapy using host immune boosting techniques is possible and includes (5) transfu-
sion of granulocytes and (6) cytokine-based therapy [128]. 

(a) Antifungal agents [106, 129]: Amphotericin B (polyene antifungal) is treated 
as the mainstay of therapy for mucormycosis and should generally be included 
in primary treatment. Amphotericin B exhibits variable in vitro activity against 
causative agents of mucormycosis. Lipid formulations of amphotericin B are 
less toxic and thus are tolerated better than amphotericin B deoxycholate 
[25]. Based on retrospective survival data and better penetration of brain tissue,



The use of polyene-azole combination regimens rather than polyene
monotherapy or polyene-echinocandin combination regimens is not backed by
sufficient data. For individuals with severe disease or whose condition has
worsened despite treatment, some specialists recommend triple therapy, which
includes a polyene, an echinocandin, and either posaconazole or isavuconazole.
When both septate molds and mucormycosis are considered as differential
diagnosis and the causative agent has not been identified yet, empirical dual
lipid polyene-azole therapy seems to be a sensible option in a patient with
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liposomal amphotericin B (LAmB) is preferred over amphotericin B lipid 
complex (ABLC) for the therapy of central nervous system (CNS) infection 
[3]. The optimum dosage and time for starting treatment at each infection site, 
however, are the key concerns. A retrospective study by Chamilos et al. deter-
mined the effect of prompt amphotericin B-based treatment on the outcome of 
patients with mucormycosis. They noticed a twofold increase in mortality in 
patients having both hematological malignancy and mucormycosis as a result of 
delayed amphotericin B-based therapy as compared to early treatment [125]. 
Triazoles are the next commonly used agents mainly as salvage therapy. Both 
posaconazole and isavuconazole are FDA approved for induction and salvage 
therapy [30]. Posaconazole and ravuconazole have been shown to have effective 
activity in vitro. Posaconazole has outperformed itraconazole in animal models, 
but it is less efficacious than amphotericin B deoxycholate [25]. Recent research 
shows that posaconazole can be used compassionately when other medicines, 
including amphotericin B, have failed to treat patients’ condition [130, 131]. It is 
presently the most potential therapeutic substitute for amphotericin 
B. Mucormycosis has been successfully treated with liposomal amphotericin 
B as the initial treatment, followed by posaconazole as a follow-up [30]. Experts 
believe that lipid polyenes are the first-line treatments, and like posaconazole, 
isavuconazole is best saved for step-down oral therapy in patients who have 
improved on polyene-based therapy or for salvage therapy in patients intolerant 
to polyene-based regimens or whose infection is resistant to these regimens 
[3]. In spite of its activity against Mucorales in vitro, itraconazole is deemed 
inappropriate for therapy and leads to treatment failures [130, 131]. Voriconazole 
is ineffective against Mucorales both in vitro and in vivo [25]. Therapeutic 
monitoring is needed while using triazoles for treatment of mucormycosis to 
prevent unwanted adverse effects [30]. 

Echinocandins have almost no activity against Mucorales in vitro; however, 
they do have a small amount of activity in vivo [132]. Even though caspofungin 
has low in vitro action against the pathogens causing mucormycosis, an in vitro 
versus in vivo link has not been fully established. Low-dose caspofungin 
increased the survival of mice with disseminated mucormycosis caused by 
Rhizopus oryzae that was predisposed by diabetic ketoacidosis in an experimen-
tal model and demonstrated activity in vitro by inhibiting the (1,3)-b-D-glucan 
synthase of Rhizopus oryzae. Given the possibility of a synergy between 
caspofungin and the amphotericin B lipid complex, additional research may 
be required to determine caspofungin’s role in mucormycosis treatment [25].



potentially invasive mold infections [ ]. Although there was no difference in the
tissue fungal load, the combination increased survival rates in an experimental
mouse model of disseminated mucormycosis, when compared to each drug used
individually [ ]. For those patients who were intolerant to amphotericin B, the
combined regimen of posaconazole with caspofungin proved to be effective
probably due to the potential synergistic effects between two drugs.
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(b) Chelating agents: Another therapeutic alternative is usage of iron chelants apart 
from deferoxamine, although its efficacy needs further evaluation. Deferasirox, 
an iron chelator, has shown to have fungicidal activity against clinical isolates of 
the Mucorales. Combined deferasirox-LAmB therapy improved survival rates 
in mice with disseminated mucormycosis and diabetic ketoacidosis while also 
lowering the amount of fungi in the brain. Unfortunately, a phase 2 clinical trial 
that was randomized and double-blind, in which deferasirox was used as 
adjunctive therapy with LAmB, showed a higher mortality in patients on 
deferasirox treatment. The study population consisted of patients’ malignancy 
having active disease, and only few with the risk factor of diabetes mellitus. 
Deferasirox is therefore not recommended as a treatment for individuals with 
active cancer, but its role in those with diabetes mellitus without active cancer 
(the situation in which its preclinical efficacy was greatest) is unclear [3]. 

(c) Hyperbaric oxygen therapy: This is an alternative that needs more research, 
particularly in patients with the rhino-cerebral variant of disease 
[134, 135]. Although its effectiveness is yet unknown, there is very little 
evidence to justify the use of hyperbaric oxygen in facilities with the necessary 
technical know-how and resources [3]. 

(d) Immunomodulators: Granulocyte-macrophage colony-stimulating factor and 
interferon gamma are cytokines that have also been used for mucormycosis 
treatment [136, 137]. Although it is well established that earlier neutrophil level 
recovery increases survival chances, the roles of recombinant cytokines and 
neutrophil infusions in the initial treatment of mucormycosis are unclear 
[3]. Granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), and interferon-γ (IFN-γ) are recombinant 
cytokines that can activate granulocytes resulting in fungal damage. Transfusion 
of granulocytes can also be used to transfer polymorphonuclear leukocytes to 
the infection site in hosts with neutropenia. Amphotericin B in lipid form and 
polymorphonuclear leukocytes are synergistic and harm Rhizopus species’ 
hyphae. A case study article showed that an immunocompetent patient who 
was not responding to conventional therapy has benefited from the combination 
of nivolumab and interferon gamma [138]. 

The antifungal treatment for mucormycosis needs to be given until the underlying 
immunosuppression and clinical signs and symptoms of infection have resolved. In a 
patient who is clinically improving, as maintenance therapy, one might move to 
taking lipid polyene doses three times weekly before reducing them to twice weekly. 
Antifungal prophylaxis is continued as long as the immunosuppressive regimen is 
used, in patients being given immunosuppressants. The importance of radiographic



follow-up is a typical problem in long-term management, and more attention should 
be paid to clinical response, especially during first 2–4 weeks following the start of 
therapy [3]. 
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4.7.1 Future Treatment Modalities under Research 

VT-1161 A drug under evaluation, this is an inhibitor that has been shown to have 
in vitro efficacy against Mucorales, including R. oryzae, Lichtheimia, and 
Cunninghamella by exerting selective activity against the fungus CYP51. Neutrope-
nic mice infected with R. oryzae have showed that VT-1161, when administered 
either prophylactically or therapeutically, increases overall survival. Although fur-
ther research is needed to see whether VT-1161 is beneficial against other 
Mucorales, this ergosterol production inhibitor may be effective against 
mucormycosis [139]. 

Immunotherapies Research is now being done on immunotherapies that are effec-
tive against mucoricin and CotH proteins which are fungal ligands. These 
treatments, along with others, must be developed because investigational antifungals 
that are now being tested only have weak action against Mucorales [59]. 

Biosynthesized Silver Nanoparticles (AgNPs) AgNPs are frequently utilized to 
treat conditions including aspergillosis and candidiasis. Several mechanisms, includ-
ing disintegration of cell wall, degradation of surface protein, damage of nucleic acid 
by the creation and accumulation of reactive nitrogen and oxygen species, and 
proton pump blockage, may be responsible for antimicrobial effectiveness of 
AgNPs against microorganisms. The electron transport system is hypothesized to 
be harmed by the accumulation of silver ions brought on by AgNPs, which prevents 
respiration by generating intracellular ion efflux. Numerous studies have been 
carried out to assess the efficacies of such AgNPs. A recent study showed that 
when evaluated against Mucor racemosus, Rhizopus microsporus, and 
Syncephalastrum racemosum, the AgNPs prepared from soil bacterium Pseudomo-
nas indica were found to have potent antifungal and antioxidant properties with 
minimal cytotoxicity in in vitro cell lines [140]. 

Antiviral Polymerase Inhibitors In a study, it was discovered that eight modified 
GTP compounds, the drugs remdesivir and sofosbuvir, and the nucleotides, namely, 
adenosine triphosphate (ATP), guanosine triphosphate (GTP), uridine triphosphate 
(UTP), and cytosine triphosphate (CTP), all demonstrated similar anticipated bind-
ing affinity toward RdRp of Rhizopus oryzae. As a result, the study concluded that 
antiviral medications (anti-RdRp) would be an effective treatment for mucormycosis 
and may inhibit both R. oryzae RdRp and SARS-CoV-2 due to dual antifungal and 
antiviral activities. However, to demonstrate this theory, additional experimental 
validations are required [141].
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Probiotics They are known to have antifungal and antimycotoxigenic properties in 
addition to their anti-inflammatory properties. Their role has been studied in case of 
infections due to Aspergillus spp., Fusarium spp., Candida spp., and others. Future 
research could focus on evaluating the effectiveness of probiotics alone or as a 
supplement to current management strategies in the treatment of mucormycosis, 
particularly when COVID-19 is an associated entity, where they may be used as an 
anti-inflammatory agent, as a gut dysbiosis restorer, and as an antimicrobial 
agent [60]. 

Plant Derivatives Plant-based natural substances are increasingly being used as 
primary molecules to explore new treatment possibilities. It has been demonstrated 
that phytomolecules contain antifungal characteristics that work against several 
fungal species. Based on their binding affinities to the Rhizopus oryzae polyprotein 
(RVT_1 region), Banik et al. attempted to assess various plant-derived antifungal 
metabolites as inhibitory agents of R. oryzae in their investigation. Emetine, 
jatrorrhizine, isoboldine, and 6-a-hydroxymedicarpin were the four metabolites 
that were investigated and demonstrated the highest binding affinity with the 
targeted polyprotein (RVT_1 region), after which their drug profiles were examined 
using an ADME (absorption, distribution, metabolism, and excretion) analysis. 
Numerous investigations have suggested that emetine and jatrorrhizine have 
COVID-19 inhibiting efficacy. Therefore, more in vivo studies are required to 
confirm these findings [142]. 

Mucorales-specific inhibitory effects of endophytic fungi are being assessed for 
their antifungal efficacy. Healthy Moringa oleifera leaves were used to isolate 
endophytic Aspergillus terreus. On GC-MS, fungal extract was found to contain 
16 major bioactive compounds resulting in promising antifungal activity against 
Rhizopus oryzae, Mucor racemosus, and  Syncephalastrum racemosum, warranting 
further evaluation [143]. 

4.8 Clinical and Research Issues to be Addressed for Future 
Prospects [144] 

Epidemiological issues: 

– Prospective global registries to be maintained for assessing the prevalence of 
mucormycosis, efficacy of antifungal treatment, and the identification of vulnera-
ble host populations. 

– Molecular fingerprinting techniques to be developed to distinguish between 
nosocomial and community-acquired types of mucormycosis. 

Pathogenetic issues: 

– Comparative research to be done on the immunopathogenesis of aspergillosis and 
mucormycosis.
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– Identification of defects in the innate immunity of the host that increase risk. 
– Availability of innovative animal models in phylogenetically different hosts. 
– Molecular tools to be developed for analyzing molecular Koch’s postulates 

pertaining to virulence of Zygomycetes. 

Diagnostic issues: 

– Availability of antigen-based or molecular detection techniques for rapid 
diagnosis. 

– Clarity regarding radiologic and host factors for mucormycosis diagnosis when 
compared to other mold infections. 

Clinical research-related issues: 

– Formulation of guidelines to decrease any deviation from prescribed practice. 
– Lack of creative research designs. 
– To use risk stratification and define comparators for monotherapy or monotherapy 

vs combination therapy trials. 
– Defining the full transcriptome for colonization and adhesion to epithelia so as to 

identify new targets for intervention. 
– Identification of genetic expression patterns during growth of hyphae and inva-

sion of tissues, as future targets. 
– Identification of various factors in blood that can limit the growth of Rhizopus 

spp. and halt further dissemination. 
– Identification of signaling pathways used by Zygomycetes to escape from the 

endothelial lining blood compartments leading to growth in deep organs. 

4.9 Conclusions 

A developing fungal infection with a high fatality rate is mucormycosis. Patients 
with hematological malignancies and stem cell transplant recipients who are often 
exposed to voriconazole appear to be at higher risk of developing mucormycosis. An 
increase in cases has also been noted in the current COVID-19 pandemic situation 
even though diabetes remains the most common underlying factor globally. For a 
better knowledge and assessment of the infection, more studies on particular patient 
populations are required, such as leukemia patients, transplant recipients, and 
diabetics. Clinicians are challenged by the numerous clinical signs and symptoms 
and evasive nature of mucormycosis, which frequently causes delays in diagnosis 
and results in poor prognosis. Given the high mortality rate of this lethal infection, a 
high index of suspicion based on predisposing risk factors and enhanced laboratory 
diagnosis are prerequisites. Therefore, new methods need to be developed for rapid 
detection of mucormycosis. The diagnosis of mucormycosis would be greatly aided 
by the use of sophisticated molecular techniques such as GC-MS/MS, MALDI-TOF, 
and T2MR in conjunction with culture-based approaches. To solve the problem of



fast detection of Mucorales, new biosensor platforms might also be created by fusing 
certain molecular biomarkers or recognition components that are specific. It would 
also be essential for the development of implantable or microchip-based biosensors 
for continuous fungal analyte monitoring throughout therapy to emphasize the vital 
points during therapeutic intervention. Amphotericin B and surgical debridement are 
the first-line treatments; additional antifungal medications might also be utilized. 
Hence, to prevent these infections and enhance their treatment, it is crucial to 
manage and control underlying disorders. 
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Abstract 

Synthetic polymers have replaced natural polymers due to their low production 
cost, wide range of applications, and better resistant properties. Plastic polymers 
are the most preferred one among synthetic polymers as they have high tolerance 
against high temperature, photooxidation, and chemical degradation. While these 
properties make them desirable compound for manufacturing various products, it 
also imposes environmental hazards upon releasing microplastic particles which 
has negative impact on terrestrial as well as aquatic ecosystems. Although many 
plastic remediation technologies involving physicochemical methods have 
emerged in past decades, they have been inefficient when it comes to remediating 
microplastic pollutants. In the present scenario, mycoremediation approach has 
been suggested as an alternative green approach to remediate the microplastic 
pollution. Fungi possess diverse enzyme systems, metabolic processes, and 
bioactive compounds which are proven to be efficient in removing microplastic 
pollutants. The present review highlights the detailed mechanisms as well as 
evidences for microplastic remediation by fungal system. The types of 
microplastic pollutants, source, and their hazardous effects on various ecosystems 
have also been compiled. 
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5.1 Introduction 

Plastic materials are one of the most important synthetic compounds produced by the 
chemical industries that have countless applications in the daily life of human beings 
[1]. The history of using plastic material goes back to as far as 1600 BC with the use 
of balls, figurines, and bands from natural rubber by Mesoamerican civilization 
[2]. The unique properties of plastic materials such as temperature tolerance, chemi-
cal and light resistance, and molding capability despite the toughness along with low 
production costs have constantly driven their demands with maximum being for the 
low-density polyethylene (LDPE) and high-density polyethylene (HDPE) plastics 
followed by polypropylene (PP) plastics, polyvinyl chloride (PVC) plastics, poly-
styrene (PS), and polyethylene terephthalate (PET) plastics [3]. In general, plastic 
materials are recycled or disposed in landfill and waste treatment plants. However, a 
substantial amount of plastic waste still contaminates the environment because of 
inefficient treatment, improper way of disposal, or loss with waste effluents [4]. 

Microplastics are one of the most persistent chemicals known to contaminate 
various environmental niches. These can be found in the water, soil, and air in a 
direct particulate form or indirectly in the ecosystem due to their small (5 mm) 
particle size [5, 6]. Primarily, microplastics are produced by industries for 
manufacturing various plastic products, and among the types of plastics, PE and 
PP plastics make up the major portion of it [7]. In fact, the current annual plastic 
production is nearly 400 million tons globally and is expected to rise beyond 
800 million tons in the next 30 years. This rise is a major concern from the 
environmental safety perspective. Low capital costs and labor requirements have 
further pushed up the industries to use more plastics in manufacturing household and 
luxury products including toys, kitchen appliances, furniture, electronic products, 
and sanitary goods. 

The excessive use of plastics can be the reason as to why microplastic pollutants 
have also been detected even at the places of earth with low human activity. 
Microplastic pollution can lead to widespread detrimental physicochemical effects 
and their long-term biological impacts are still under study. Furthermore, various 
distant and untouched ecosystems and diverse range of species residing in them can 
be potentially harmed due to the collective effects of anthropogenic activity and 
climate-induced stress [8]. 

The current physical and chemical remediation methods of microplastic removal 
(recycling, chemical degradation, and incineration) are not sustainable solutions to 
microplastic waste. These methods become more inefficient when microplastic is 
littered and spreads out in different ecosystems. In the past two decades, fungal 
remediation has been suggested as long-term and ecofriendly solution of



o

microplastic pollution [9]. Fungi are known to have natural abilities to invade plastic 
materials by using various groups of enzymes that have the capability to remediate 
pollutants and act on nonspecific substrates. Moreover, fungi can produce unique 
surface coating natural compounds called hydrophobins that can help hyphae to 
attach and penetrate three-dimensional substrates [10]. Hence, for the long-term 
prospective, mycoremediation has more potential to be an effective microplastic 
remediation strategy. 
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5.2 Fungi-Mediated Remediation 

Microorganisms produce a wide array of enzymes as part of their metabolic 
activities, and these enzymes have potential to affect physicochemical properties 
in plastic polymer structure which may eventually assist in its degradation. The 
specific enzymes involved in plastic degradation require detailed investigations 
further. 

Most commonly reported enzymes (laccases, esterases, and peroxidases) for 
plastic degradation have either oxidative or hydrolytic activities. For example, in a 
consortium study involving the use of Ascomycetes for the degradation LDPE, 
ligninolytic enzyme activities were observed [11]. Similar results were also reported 
by other researcher [12, 13], where other Ascomycete fungal species (Zalerion 
maritimum and Gloeophyllum trabeum) were capable of degrading microplastic 
materials. Many studies have indicated that laccase has a significant depolymerizing 
activity against HDPE by the oxidative cleavage mechanism where amorphous 
region is targeted carbonyl functional groups accessible for further degradation 
within the polymer chain [14, 15]. According to Restrepo-Flórez et al. [16], fungal 
enzymes are capable of reducing the length of PE polymer change, and once the 
reaction starts, it can further degrade by more metabolic activities. El-Morsy et al. 
[17] reported activities of protease, lipase, and esterase enzyme in polyurethane 
plastic material by Monascus sp. strains. As per Danso et al. [18] and Liebminger 
et al. [19], serine hydrolases (cutinases, carboxylesterases, and lipases) and 
polyesterases are involved in the PET degradation. Among the polyester degrading 
microbial enzymes, polyester hydrolases, cutinases, and their homologues were 
shown to have potential for PET degradation [15]. Recent studies have focused 
more on discovering alkane hydrolase due to its specific degradation activity against 
PE [20, 21]. The information regarding enzymes that play a role in hydrolysis of PP 
and PU is still unknown, and therefore, it requires further investigations [22]. Fig-
ure 5.1 presents a general scheme of enzymatic degradation of polymers. 

5.2.1 Types of Microplastics 

According to Law and Thompson [23], microplastics can be simply defined as 
water-insoluble, solid synthetic plastic particles with size ranging from 1 μm  t  
5 mm. The insolubility in water decreases the bioavailability of microplastics which
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Fig. 5.1 Enzymatic actions on polymers and their fate



in turn hampers their biological degradation. Furthermore, longer persistence of 
microplastics increases the chances of their biomagnification and bioaccumulation. 
Therefore, microplastics can impose drastic effects on the exposed organisms by 
physical or chemical means. Physical effects are associated with their concentration, 
shape, and particle size, while chemical effects are related to hazardous chemicals 
used in the synthesis of plastics polymers.
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The following are the commonly used types of microplastics with known 
biological and environmental hazards: 

5.2.1.1 Polyethylene (PE) 
Polyethylene is a linear hydrocarbon polymer with ethylene (C2H4) as monomer, 
which is mostly used in manufacturing bottles, containers, and plastics bags. It is 
synthesized by cleavage of double bond followed by coupling of ethylene monomers 
in either straight or branched manner. Resulted polymer (Fig. 5.2) is highly hydro-
phobic in nature and cannot pass through microbial cell membranes because of its 
large size [24]. 

Considering the number of carbon atoms in the formulation stage, PE can be 
divided into very-low-density polyethylene, low-density polyethylene (LDPE), lin-
ear low-density polyethylene, high-density polyethylene (HDPE), high molecular 
weight HDPE, and ultrahigh molecular weight HDPE [25, 26]. HDPE are resistant to 
solvents including allyl alcohol, benzene, aniline, ethyl acetate, isopropyl alcohol, 
and methanol due to their superior density to strength ratio which indicates stronger 
intramolecular force. LDPE can tolerate strong acids (acetic acid and hydrochloric 
acid), alcohols (methanol and ethanol), as well as alkali (ammonia and urea) due to 
its low density and branched structure [27, 28]. Furthermore, tackling pollution from 
polyethylene terephthalate (PET), a modified form of polyethylene, is even more 
challenging due to its durability, strength, flexibility, hydrophobicity, and high 
crystallinity and thermoplasticity [29]. 

5.2.1.2 Polystyrene (PS) 
Polystyrene (Fig. 5.3) is an aromatic homopolymer synthesized by polymerization of 
styrene monomers. Styrene monomers are synthesized by condensation of ethylene 
and benzene followed by catalytic dehydrogenation [30]. PS is a durable thermo-
plastic which is used in production of CDs, toys, electric wire coatings, toothbrushes, 
etc. One of the most abundantly generated products from PS is Styrofoam, which is
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widely used as a packaging material as well as shock absorbers for food storage 
containers and transport of goods [31].
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Fig. 5.3 Structure of PS 

Fig. 5.4 Structure of PP 

PS is one of the most thermostable plastics (no degradation up to 200 °C 
temperature) occurring in three forms: expanded, crystalline, and high-impact 
[32]. PS becomes a major concern because of its leaching problem in water bodies 
in the form of micro- and nanoplastics. Apart from this, its monomers, plasticizers, 
and additives are also known to be toxic toward living beings [33]. According to the 
Environmental Protection Agency (EPA), 300 ppm (1000 μg/m3 ) styrene is consid-
ered as a chronic case of exposure. As per the guidelines of WHO, 2016 [34], styrene 
levels in polymer industry waste should not exceed 20 ppm, but even at this 
concentration, its prolonged exposure and biomagnification may lead to disastrous 
consequences for the environment. 

5.2.1.3 Polypropylene (PP) 
Polypropylene (Fig. 5.4) is a saturated polymer linear hydrocarbon chain, 
synthesized by polymerization of propylene (propene) monomers [35, 36]. The 
synthesis process is reminiscent to polystyrene which is by catalytic dehydrogena-
tion of propylene. In comparison to PE and PS, PP is lighter, stronger, and more 
transparent in its native form. There are three forms of PP: amorphous, semicrystal-
line, and crystalline, with commercial one being mixture of 75% semicrystalline and 
25% amorphous [37]. 

Due to its versatility, PP is used in manufacturing of injection and expansion 
molding as well as packaging of various food products. PP is completely resistant to 
water vapors, oils, and fats which decreases its bioavailability and prospects of 
natural degradation. The recent emergence of COVID-19 pandemic has dramatically



increased the demand for personal protective equipment (PPE) kits, which are 
mainly composed of PP plastic [38, 39]. 
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5.2.1.4 Polyvinyl Chloride (PVC) 
Polyvinyl chloride is synthesized by polymerization of vinyl chloride monomer 
(Fig. 5.5). The monomer vinyl chloride is a result of chlorination of acetylene by 
hydrochloric acid. PVC is the third most produced plastic material globally with 
nearly 3.2% increase in global demand [40]. PVC is available in rigid as well as 
flexible forms [37]. Rigid PVC is commonly used in doors, pipes, windows, and 
packing, whereas flexible form is used in plumbing and imitation leather and as an 
alternate to rubbers and canvas [41, 42]. 

PVC plastics are chemically inert and show resistance to acids and inorganic 
chemicals. Furthermore, chloride molecules in monomer give it protection against 
oxidative damage and fire [37]. Because of these physicochemical properties, PVC 
plastics persist for longer period of time and may magnify eventually. Additionally, 
plasticizers (up to 70%) and additives are required to be added during PVC 
manufacturing to deal with its brittleness which makes PVC materials more hazard-
ous to the environment [43]. 

5.2.1.5 Polyurethane (PU) 
In terms of monomeric units used in polymerization, polyurethane is different in 
comparison with PE, PP, and PS. PU is a heteropolymer consisting of copolymeric 
segment of repeating units (Fig. 5.6). For the synthesis of PU, diisocyanate, diols, 
and chain extenders are used as precursors. The unique property of polyurethane is 
that one of the segments is crystalline in nature that affords hardness, whereas the 
other segment is malleable which contributes to its flexibility and softness. The 
resultant flexibility and softness of the final polymer is due to the presence of diols 
[44]. Being biologically and chemically inert and mechanically strong, PU plastics

Fig. 5.5 Structure of PVC 

Fig. 5.6 Structure of PU



are used in medical devices (pacemakers, injectable drips, etc.), construction 
materials, and coatings as well as in automotive manufacturing [45].
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The major issue with PU materials is the higher combustibility of raw material 
itself and additives that are used for plastic manufacturing. Upon combustion, PU 
releases highly concentrated fumes of HCN, HCNO, CO, NO, NO2, and other toxic 
gases, which are highly harmful to the living organisms [46]. 

5.2.2 Additives in Plastics 

For the manufacturing of microplastics, two types of chemicals are used: 
(a) monomeric/oligomeric raw materials and additive compounds and 
(b) chemicals that may be absorbed from the surrounding environment 
[47]. Additives used in the production of plastics such as plasticizers, UV stabilizers, 
dyes, antioxidants, moisture repellents, lubricants, and flame retardants are of major 
concern due as they are able to impart toxicity to diverse range of environmental 
niches at low concentrations [48]. Additives are the chemicals that are supplemented 
along with raw material to provide transparency and color. Additionally, they also 
assist in enhancing the resistance to radiation, light, ozone, water, and microbial 
degradation as well as in improving thermal, electrical, and mechanical 
resistance [49]. 

5.2.2.1 Plasticizers 
Plasticizers are one of the major health concerns due to their interaction with the 
biological systems especially interfering with normal cellular functionality 
[50]. Plasticizers are the organic compounds that are used for shear reduction in 
the mixing stage of polymer production and also employed to increase resistance in 
the resultant plastic film. Moreover, plasticizers also contribute to flexibility, dura-
bility, and tensile strength to polymeric films [51]. Some of the commonly used 
plasticizers are DPP, DOA, DEHA, diisobutyl phthalate, DEP, phthalic esters, 
ATBC, and DBP. They are mainly used in production of PVC and PET plastics [52]. 

5.2.2.2 Flame Retardants and Thermal Stabilizers 
Plastic polymers are generally inflammable in nature due to formation of volatile 
compounds because of breaks in polymer chain. Flame retardants are one of the 
important classes of chemical compounds that help with overcoming this problem 
[53]. Additionally, flame retardants also contribute to increasing thermal stability. 
The commonly employed flame retardants are aluminum hydroxide, 
tetrabromobisphenol A, and hexabromocyclododecane [54, 55]. 

The thermal stability and heat tolerance of plastic materials are enhanced by 
adding thermal stabilizers. Primary heat stabilizers include metal salt blends, lead 
compounds, and organotin compounds, and secondary heat stabilizers include epoxy 
compounds alkyl organophosphites, and diketones are used as secondary heat 
stabilizers [51]. Apart from this, blending of polymers such as vinyl copolymer, 
PVC, LDPE, PVDC, and polyamides is also used as thermal stabilizers [48].
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5.2.2.3 Antioxidants 
Plastic products have mass appeals due to their resistance toward oxidative agents 
and reactive oxygen species (ROS), and this property is further enhanced by adding 
antioxidants. Antioxidants are used as additives in many synthetic polymers includ-
ing polyethylene and polypropylene, which are more than 60% of global demand for 
antioxidant additives [56]. Antioxidants also play a role in preventing aging and 
degradation of plastics by delaying oxidation. Commonly used antioxidants are 
octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate, pentaerythrityl-
tetrakis-3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate, and 2,4-di-tert-
butylphenol [57]. Although antioxidant compounds improve chemo-stability of 
plastics, they may leach out into water bodies upon exposure [58]. 

5.2.3 Environmental Hazards Due to Microplastics 

Anthropogenic activities have caused irreversible environmental changes which 
have caused disruption of normal functioning of various ecosystems and also 
threatened well-being of human kind [59]. Among the new pollutants, microplastics 
and nanoplastics have emerged as a cause of major concern which has negatively 
impacted terrestrial as well as aquatic ecosystems [60]. The worrisome aspect of the 
microplastic pollution is the fact that it nearly affects all the communities including 
microbes, plants, and animals residing in a particular ecosystem [61]. 

Figure 5.7 represents generation and circulation of microplastic pollutants into the 
environment. 

The adversarial effects of microplastic pollution on terrestrial and aquatic ecosys-
tem are described below: 

5.2.3.1 Terrestrial Ecosystem 
The rise in the usage of plastic products and their inefficient handling and improper 
disposals have led to a surge in microplastic pollution in the terrestrial ecosystem. 
Plastic products cover more than 10% of total waste generated globally, and due to 
their indestructible nature, majority of the waste ends up in landfills, waste piles, and 
agricultural fields [62]. Due to its persistent nature, plastic pollution is now consid-
ered a major cause of decline in biodiversity worldwide [63, 64]. The United Nations 
Environment Programme (UNEP) now lists microplastic pollution as one of the 
biggest environmental problems because of its hazardous effects on soil composition 
and nature as well as soil flora and fauna [65, 66]. 

The impact of aquatic microplastic pollution has been well studied, but the same 
is lacking for the terrestrial ecosystems. Extensive practices of soil waste landfills, 
dumps, and sludge fertilizers have caused huge microplastic pollution problem. One 
of the main sources of microplastics in soil is the use of sewage sludge for farming, 
plastic mulch aberration, and incidental plastic waste [67–69]. Moreover, constant 
settling of microplastic particles in soil occurs due to airborne transport, rainfall, 
industrial, and domestic discharges and atmospheric depositions [5]. The problem is 
so severe that microplastic particles have now been detected in the air as well due to



lack of efficient waste remediation [70]. It is suggested that high-density 
microplastics are more sensitive to wind and surface runoffs, thus more prone to 
surface depositions as compared to microplastic with low densities [33]. 
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Fig. 5.7 Source and migration of microplastics into the environment 

According to Horton et al. [6], terrestrial microplastic pollution problem is more 
serious than that of aquatic environment. The toxic effects of microplastics have 
started to appear in animal as well as plant species of terrestrial ecosystem [71]. The 
commonly found microplastic pollutants in soil contain micro- and nanoparticles, 
chemical additives, catalysts, residual monomers, and fillers [72, 73]. Apart from the 
toxicity of the aforementioned pollutants, they also serve as carriers for pathogens 
and absorb other chemical pollutants such as polychlorinated biphenyls, 
polyaromatic hydrocarbons, perfluoroalkyl substances, hexachlorocyclohexanes, 
dichlorodiphenyltrichloroethane, other pesticides, heavy metals, and 
pharmaceuticals. These contaminants often find their ways and constantly



accumulate in food web from where they might be consumed by secondary 
consumers [64, 74, 75]. The intentional or unintentional consumption of plastic 
particles along with food is a major factor behind microplastic toxicity in animals 
[76, 77]. 
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Microplastics suppress the growth and reproduction, damage immune system, as 
well as alter gut microbiota of organisms including collembolan or springtails and 
earthworms [78–80]. It is reported that microplastic particles can trigger oxidative 
stress and damage the cells by producing ROS in some organism, such as 
Brachionus koreanus and Dicentrarchus labrax [81, 82]. The toxic effects of 
microplastics in soil organisms are induced by oxidative stress, internal organ 
damage, and impaired immune system [83]. The toxic effects of microplastics in 
mammals occur due to the accumulation in the liver, kidney, and digestive system 
[84, 85]. The accumulated microplastics in organs interact with microbiota by acting 
as a habitat for them. This results in the reduction in intestinal mucus secretion, 
damaging intestinal barrier and causing microbiota dysbiosis [86, 87]. Plastic 
polymers cause changes in biological characteristics (soil biota) as well as physico-
chemical characteristics of soil structure such as bulk density, particle aggregation, 
hydrophobicity, and overall soil structure integrity. Thus, it adversely affects plants 
as well [88]. Microplastics accumulate in plants by water and nutrient absorption, 
thus causing delay in seed germination and adversely affecting the plant growth 
[89]. Jiang et al. [90] hypothesized that the toxicity in plants may be due to decrease 
in biomass generation, catalase activity, and growth retardation. 

Some of the in vivo studies on terrestrial organisms for the toxic effects of 
micropollutants are compiled in Table 5.1. 

There are very few studies that address the dangers microplastic pollutants pose to 
terrestrial plants and animals. To be more specific, the detailed genomic, proteomic, 
metabolomic, and toxicological studies are urgently called for unveiling the severity 
of damage that has already been caused or might be causing in the future by 
microplastic pollutants. 

5.2.3.2 Effects on Aquatic Ecosystem 
Microplastics are one of the most frequently reported pollutants that have been 
detected in the water bodies including ponds, lakes, rivers, as well as oceans. 
Microplastics can leach out from a wide range of products including fishing gears, 
fishing nets, boats and ships, packages, synthetic textiles, bottles, paints, bath gels, 
and polythene waste [3]. These plastic wastes often reach aquatic ecosystem and 
even constantly accumulate there. Some of the major sources for aquatic 
microplastic pollutants are industrial and urban effluents, beach sediment runoffs, 
oil and gas extraction fields, fishery waste, and litters released by anthropogenic 
sources [99]. Microplastic pollutants pose serious threat to aquatic animal health and 
the adverse effects have already started appearing [81]. 

Aquatic organisms such as planktons, crustaceans, worms, and fishes are directly 
(uptake of nutrition) or indirectly (predation) exposed to microplastics that are often 
found floating on water surfaces [100, 101]. These microplastics are so much in 
abundance that they can also enter into the bodies of aquatic organisms through



Toxic effects References

water and agglomerate in their internal organs which can have detrimental effect in 
the physiological and biochemical functions [102]. The direct effect of microplastic 
particles and debris occurs by blockage of digestive and respiratory systems, which 
induces undernutrition, blocking nutrition flow, drowning suffocation, and even 
strangulation in aquatic animals [103]. Moreover, marine species such as sea snakes,
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Table 5.1 Toxic effects of microplastics on terrestrial organisms 

Terrestrial
species

Microplastic 
pollutant 

Allium cepa Bisphenol A Chromosomal abnormalities and 
growth retardation 

[91] 

Aphylla 
williamsoni 

Polyethylene Changed neurophysiological functions [92] 

Mus musculus Polyethylene Behavioral changes (slower 
locomotion speed and higher anxiety 
index) 

[93] 

Eisenia fetida Fluorescent 
polystyrene 

Damaged intestinal cells, DNA 
damage 

[94] 

Lactuca sativa 
L. 

Polystyrene Accumulated in tissue [95] 

Vicia faba Polystyrene 
fluorescent 
microplastics 

Oxidative stress, inhibited growth [96] 

Lepidium 
sativum 

Fluorescent polymer 
microspheres 

Delayed germination and root growth [89] 

Folsomia 
candida 

Polyethylene Prompted avoidance behavior and 
repressed reproduction ability 

[78] 

Mus musculus Fluorescent 
polystyrene 

Change in gut microbiota, decreased 
intestinal mucus secretion, and 
compromised intestinal barrier 
function 

[86] 

Mus musculus Polystyrene Affect toxicity-based toxicokinetic/ 
toxicodynamic (TBTK/TD) behavior 

[97] 

Achatina fulica PET fibers Villi damages in walls of 
gastrointestinal tract 

[83] 

Triticum 
aestivum 

LDPE, PET Disturbed growth [88] 

Hypoaspis 
aculeifer, 
Folsomia 
candida 

PVC Change in physical properties of soil, 
inhibited growth and reproduction rate 

[80] 

Mus musculus Polystyrene Disruption to the microbiome in gut 
and lipid metabolism disorder in liver 

[98] 

Mus musculus Fluorescent and 
pristine polystyrene 
microplastics 

Accumulated in digestive system, 
oxidative stress, and neurotoxicity 

[84] 

Eisenia fetida LDPE Oxidative stress and changes in energy 
metabolism 

[79]



cetaceans, seals and sea lions, turtles, and various fishes are now endangered by 
direct entanglement and ingestion of plastic rings, fibers, tires, and debris. Some of 
the physiological manifestations which have become a common occurrence are 
scoliosis, skin aberration, tissue and organ damage, poor respiration, limited mobil-
ity, reproduction suppression, and undernourishment [104].
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Microplastics are known to be toxic toward aquatic plants, especially phytoplank-
ton occurring on surface water that may absorb or adsorb microplastic particles 
directly due to which photosynthetic activities as well as cell viabilities are 
compromised [105]. Similar to the planktons, microplastic particles and debris 
may also adhere to surfaces of microalgae which inhibit photosynthesis and thus 
affect growth and reproduction [106, 107]. Microplastic-contaminated microalgae 
have shown significant decrease in cell abundance and biomass because of restric-
tion in energy and nutrient transfer, and therefore reduction in overall growth is 
observed [108, 109]. It may even lead to aggregation of particles in the algal cell wall 
followed by precipitation and physical damage to the algal surface [109]. Apart from 
this, large aquatic plants are also vulnerable to microplastic pollution due to direct 
hindrance of the root growth and blockage of nutrient uptake [35, 110]. In aquatic 
plants, microplastics cause oxidative stress that leads to increased reactive oxygen 
species (ROS) which in turn leads to lipid peroxidation, cell membrane damage, loss 
of selective permeability of membrane, destruction of cell membrane skeleton, and 
suppression of metabolic processes [111]. Toxic effects of various microplastic 
pollutants on aquatic species are listed in Table 5.2. 

5.2.3.3 Effects on Humans 
Plastic materials are indispensable part of everyday life, and their potential 
consequences toward human health have been greatly unexplored. Microplastics 
can have grave impact on human health because of their toxicity, persistent nature, 
and ability to carry other organic pollutants and heavy metals [120, 121]. There are 
different routes through which human beings can get exposed to plastic pollutants. 
According to Revel et al. [122], ingestion with food, inhalation with polluted air, and 
direct dermal contact are the major routes of microplastic pollutant exposure. 
According to an estimate, about 50,000 microplastic particles are consumed per 
person annually [123]. Many investigations have revealed that microplastic 
pollutants were mainly composed of PP, PE, PS, and PET. The exposure of PE to 
human beings is generally from plastic films used in materials like polythene bags as 
well as food packaging materials [124]. Moreover, humans are often exposed to PS 
from plastic packaging and manufacturing industries, while PP and PET 
microplastics are commonly released from polyester fabric, textiles, and reusable 
products [125]. Apart from this, humans may get exposed to plastic pollutants from 
the combustion of large plastic pieces, landfill waste disposal, industrial effluents 
and discharges, and dust redeposition [70]. 

According to Prata [126], microplastic particles that are inhaled and ingested are 
likely to be subjected to body’s natural defense and clearance mechanisms such as 
phagocytosis, sneezing, mucociliary escalator, and lymphatic transport and excre-
tion. However, some particles may resist clearance and may reach to the respiratory
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and digestive system. It may lead to release of cellular messenger molecules, various 
proteases, and reactive oxygen species (ROS) which can trigger inflammatory 
response in the body [5, 127]. Law et al. [128] reported that polymer fibers can 
persist in a simulated lung fluid system for about 6 months without any changes in 
their surface morphology, which indicates that microplastic particles can agglomer-
ate and retain in the human lungs for longer period of time and may induce cell 
damage due to constant generation of ROS. Although the investigations on detri-
mental consequences of microplastic exposure are limited, occupational diseases 
with respiratory symptoms, such as breathing problem, throat irritation, cough, and 
chest pain in plastic industry workers, are well documented [129]. Additionally, 
chronic inflammation and irritation may eventually cause cancer resulting from lung 
fibrosis [122, 130]. In addition to plastics, plastic additives such as bisphenol A 
(BPA) also induce oxidative damage in human erythrocytes, L-02 hepatocytes, and
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Table 5.2 Impact of microplastics on aquatic organisms 

Microplastic 
pollutant 

Danio rerio Microplastic 
particles 

Increase in apoptotic and necrotic 
erythrocytes 

[112] 

Paracentrotus 
lividus 

PB, MG, and a 
“virgin” PE resin 

Cytotoxic effect (lethal) [113] 

Utricularia 
vulgaris 

PS particles Leaf growth functionality impaired, 
oxidative damage observed 

[114] 

Artemia nauplii 
Daphnia 
magna 

Plastic foam (PS) Acute toxicity [115] 

Skeletonema 
grethae 
Dunaliella 
tertiolecta 
Thalassiosira 
pseudonana 

PS particles Modifications in EPS composition and 
protein aggregate formation 

[116] 

Spirodela 
polyrhiza 
S. polyrhiza 

PS particles MPs absorption, bioaccumulation, and 
biomagnification 

[107] 

Lemna minor PE particles The root growth inhibited [110] 

Carassius 
auratus 

Microplastic debris Accumulate in the gut and negative 
effect on nutrition 

[14] 

Chaetoceros 
neogracile 
Tisochrysis 
lutea 

PS particles Bioaccumulation in algal biomass 
which affected nutrition 

[117, 118] 

Dunaliella 
tertiolecta 
Thalassiosira 
pseudonana 

PS particles Cell mass and size decrease due to 
growth inhibition 

[119] 

Hyalella azteca Microplastic 
particles 

Growth rate and reproduction rate 
impaired 

[52]



placental and endometrial stromal cells [131]. BPA exposure eventually upregulates 
expression of inflammatory cytokines and estrogen receptor ER-α which may result 
in endocrine system-related diseases [132].
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Nearly every ecosystem and all organisms associated with it are being exposed to 
plastic pollutants that reach into various body organs via air, water, food, or personal 
care products and accumulate there. This has threatened the biodiversity and human-
ity as well. Thus, remediation of these plastic pollutants is an urgent need to protect 
every living being on the planet. 

5.2.4 Remediation of Microplastics 

Among the different chemical pollutants, microplastics pose more threat to the living 
beings due to its higher resistance against physical, chemical, and biological agents, 
ability to accumulate, and ability to carry other pollutants as well as pathogens. As 
mentioned above, it is an inherent property of plastic material to resist against 
various acids, alkalis, organic solvents, and oxidative agents. 

Due to such high resistance power, degradation and disposal of plastic materials 
have become very challenging tasks, and their improper discarding has often led to 
plastic pollution [133]. Among the plastic degradation strategies, biological mode of 
degradation has been a subject of great interest recently because of its higher 
efficiency and environmentally benign nature [134]. It is well-known that microbes 
have ability to break down polymers into monomeric organic residues and mineral-
ize as well as redistribute them into C, N, S, and P elementary cycles [135]. 

5.2.4.1 Microbes’ Microplastic Bioremediation 
Eukaryotic fungi and prokaryotic bacteria have obtained great attention for bioreme-
diation of xenobiotic as well as natural polymers [136]. Tokiwa et al. [137] have 
briefly explained the biological mechanism of microbial plastic degradation. 
Initially, microbes attach and colonize on the surface of plastic materials, which is 
followed by catalytic degradation. The enzymes bind with plastic material and 
continuously cleave it by hydrolysis which causes the breakdown of polymers into 
low molecular weight oligomers and eventually then to dimers and finally into 
monomeric units. This process continues till mineralization and eventual liberation 
of CO2 and H2O. The rate of biological degradation is influenced by plastic 
biodegradability, enzyme type, physicochemical properties of plastic polymer, ten-
sile properties, extent of fragmentation, functional groups, and crystallinity 
[115]. The more the crystallinity, the more it will be difficult to degrade for the 
microbes, and thus the amorphous region is degraded first which ultimately opens up 
polymer structure for further degradation [16]. Furthermore, pretreatments of 
microplastic can improve the degradation potential by enhancing the susceptibility 
and reducing the hydrophobicity of microplastics [24]. In recent times, isolating the 
microbes capable of microplastic degradation have been prioritized from polluted 
terrestrial and aquatic environments as they may already possess adapted metabolic 
processes for it [138].
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Several bacterial species are able to catalyze metabolic reactions that are involved 
in microplastic adsorption and breakdown [139, 140]. These microorganisms may 
use polymer material as a source of carbon in minimal nutrient media; thus, it can 
reduce dry weight and change molecular structure which may eventually induce 
morphological alterations in polymer structure [141]. According to Yuan et al. [142], 
use of bacterial consortia has better prospective of plastic degradation because a 
stable microbial community can perform more efficiently and simultaneously elimi-
nate the probable side products or toxic metabolites produced by other strains. 
However, the overall efficiency of bacterial system toward plastic degradation is 
less than that of fungal system [143]. 

5.2.4.2 Fungi: A Potent Biological System for Microplastic Remediation 
Fungi possess a wide range of metabolic processes and have ability to synthesize 
various extracellular multienzyme complexes as well as important secondary 
metabolites which make them the most suitable candidates to be investigated for 
their microplastic biodegradation capabilities [15, 47]. Additionally, fungi can 
decrease the hydrophobicity of plastics by means of introducing various chemical 
bonds such as carbonyl, carboxyl, and ester which in turn make plastic materials 
even more vulnerable to degradation. Many fungal species have been popular to 
exploit plastic as a lone nutrient source [144, 145] under natural (soil and compost 
piles) as well as artificial (solid-state and submerged) conditions, which proves that 
fungi are the most versatile and proficient organisms for plastic bioremediation 
[146, 147]. 

All classes of fungi including ascomycetes, basidiomycetes, and zygomycetes 
have been reported for degradation of plastic compounds such as polyethylene 
terephthalate (PET), PVC, PP, polyesters, and microplastic particles. The efficiency 
of fungal species to degrade plastics can be assessed by evaluating the biomass 
growth and/or changes occurring in the polymer structure and chemistry. Some of 
the other biochemical tests such as biochemical oxygen demand (BOD), enzyme 
assays, and assessment of byproducts as well as gases (CO2) can give more infor-
mation regarding the overall potential of isolates. Several strains of Aspergillus, 
Penicillium, Mucor, and Trichoderma have been commonly reported as the 
microplastic degrading fungi [16, 143, 148]. Some of the important discoveries of 
plastic degrading fungal isolates are compiled in Table 5.3. 

Polyethylene (PE) is one of the most copiously occurring microplastics in the 
nature. Sowmya et al. [163] isolated Trichoderma harzianum that was able to 
degrade UV radiation-treated PE up to 40%. In one of the important studies, a 
marine fungus Zalerion maritimum used PE as a lone carbon source and displayed 
highest degradation (43%) capability [13]. Zhang et al. [171] isolated fungal isolate 
Aspergillus flavus PEDX3 from the gastrointestinal tract of Galleria mellonella—a 
wax moth—which was capable of PE degradation. Upon incubation of 28 days, this 
isolate carried out degradation of HDPE microplastic and converted them into low 
molecular weight compounds. Here the PE degradation was validated using Fourier 
transform-infrared spectroscopy (FT-IR) by checking the presence of carbonyl and 
ether groups. Spina et al. [172] studied the fungal community of a landfill soil
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(continued)
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Table 5.3 Summary of fungal species capable of microplastic remediation 

Plastic 
polymer 

Apiotrichum porosum, 
Penicillium samsonianum, 
Talaromyces pinophilus, 
Purpureocillium lilacinum 

PE Halos indicating potential 
plastic degradation after 7 days 

[148] 

Penicillium, Geomyces, 
Mortierella species 

PU, PS, and 
PE 

Highest degradation of 
polyurethane (28.34%) 
detected after 3 months 
Detection of PU degradation 
via FTIR 

[149] 

Aspergillus Niger, Aspergillus 
flavus, and Aspergillus oryzae 

PE Maximum of 26.15% weight 
loss after 55 days 
SEM and FTIR data showed 
degradation 

[150] 

Cephalosporium sp. NCIM 
1251 

PS 20.62 ± 1.47% weight loss 
detected after 2 months 

[151] 

Mucor sp. (NCIM 881) PS Degradation detected in FTIR 
spectra after 60 days 

[151] 

Pleurotus ostreatus PE SCA was decreased by 84%, 
degradation detected in FTIR 
spectra after 60 days 

[152] 

Penicillium sp. PU Visual signs of degradation 
observed through SEM 
analysis, detection of PU 
degradation via FTIR after 
2 months 

[153] 

Cladosporium 
cladosporioides Xepiculopsis 
graminea 
Penicillium griseofulvum 

PU Halos around the growth—sign 
of plastic degradation 

[154] 

Trichoderma viride LDPE 5.13% weight loss and 58% 
reduction in tensile strength 
after 45 days 

[155] 

Aspergillus tubingensis PU Cracking of surface, micro-
poration, and erosion were 
observed through SEM, 
ATR-FTIR detected 
degradation products after 
20 days 

[156] 

Penicillium oxalicum LDPE and 
HDPE sheets 

Visual signs of degradation 
observed through SEM analysis 
Detection of PU degradation 
via FTIR after 2 months 

[157] 

Penicillium sp. PE PE weight loss—43.4% [158] 

Zalerion maritimum 
(ATTC 34329) 

PE 56.7 ± 2.9% mass loss was 
observed 

[13] 

PU 
(Impranil) 

GCMS and FTIR confirmed 
degradation of Impranil (PU) 

[159]
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(continued)
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Table 5.3 (continued)

Plastic 
polymer 

Cladosporium 
pseudocladosporioides 
strain T1.PL.1 

Aspergillus tubingensis 
VRKPT1 

HDPE 6 ± 0.2% weight loss after 
30 days 

[160] 

Eupenicillium hirayamae LDPE Increased biomass production 
and production of MnP and 
laccase after 28 days 

[11] 

Gloeophyllum trabeum PS 
(polystyrene 
sulfonate) 

Up to 50% depolymerization of 
PS after 20 days 

[161] 

Lasiodiplodia 
theobromae 

LDPE and 
PP 

Laccase production, weight loss 
in gamma-irradiated PP and PE 
after 90 days with sign of 
degradation products via FTIR 

[162] 

Paecilomyces variotii LDPE Increased biomass production 
and production of MnP, LiP, 
and laccase after 28 days 

[11] 

Penicillium 
simplicissimum 

PE 38% weight loss for UV-treated 
polyethylene 
FTIR and NMR confirmed 
degradation of PE 
Simultaneous production of 
laccase and MnP was observed 

[163] 

Phialophora alba LDPE Increased biomass production 
and production of MnP and 
laccase after 28 days 

[11] 

Trichoderma harzianum PE 40% weight loss of UV 
PE. Laccase and MnP mediated 
degradation 

[163] 

Aspergillus terreus MF12 HDPE Highest degradation rates for 
UV-treated PE, i.e., within 
30 days 

[164] 

Fusarium sp. Nylon-4 Reduction in average weight [165] 

Thermomyces 
Fusarium solani 

PET (low 
crystallinity) 

Cutinase-mediated degradation 
of PET into TPA with 97% 
weight loss 

[166] 

Bjerkandera adusta Nylon-6 Decrease MnP production in 
the presence of nylon 

[167] 

Fusarium oxysporum PET Increment in hydrophobicity 
and release of TPA 

[168] 

Penicillium citrinum PET Polyesterase-mediated 
hydrolysis of PET showed by 

[19] 

Penicillium simplicissimum 
YK 

PE Reduction in molecular weight [145] 

Strain IZU-154 PE Production of MnP and 
decrease in tensile strength 

[169]
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contaminated with plastic waste and isolated 95 potential PE utilizing fungi belong-
ing to Ascomycota phylum. About 97% of the isolates had ability to grow by 
utilizing PE powder (0.5–1%) as sole source of carbon. Among these isolates, the 
species from Fusarium genera had higher tolerance toward PE. Fusarium falciforme, 
Purpureocillium lilacinum, and Fusarium oxysporum showed maximum PE degra-
dation mediated through strong oxidation reactions and physical damage in the PE 
film. In a novel study, Oviedo-Anchundia et al. [149] isolated Penicillium, 
Geomyces, and Mortierella species from Antarctica, which were able to degrade 
PE materials.
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Table 5.3 (continued)

Plastic 
polymer 

Strain IZU-154 Nylon-6 NMR studies showed formation 
of four end groups, CHO, 
NHCHO, CH3, and CONH2, 
which are indicators of 
degradation 

[170] 

Polystyrene (PS) degradation has been problematic for researchers as it is nonre-
cyclable and its biodegradability is very poor as evident with studies in 
Cephalosporium sp. and Mucor sp. [151]. Castiglia and Kuhar [173] reported that 
fungus Aureobasidium pullulans has ability to degrade PS. Moreover, Yanto et al. 
[174] reported improved biodegradation of PS with optimized media containing malt 
extract liquid which promoted microbial growth along with enzyme production, thus 
enhancing the overall PS degradation. Fungal strains of Penicillium and Geomyces 
genera degraded PS by 8.39% and 6.82%, respectively, whereas Mortierella spp. 
was able to degrade PS material up to 2.19% [149]. 

The insights on fungal degradation of polyvinylchloride (PVC) are not yet clearly 
revealed as it has not been studied by many researchers; but there are evidences for 
the fungal degradation of PVC plastic materials [175]. Ali et al. [176] reported 
Phanerochaete chrysosporium can adhere and grow on PVC film which proves its 
potential for degradation. Sumathi et al. [177] isolated Cochliobolus sp.—a fungal 
species—from plastic-contaminated soils and cultured it with commercially avail-
able low molecular weight polyvinyl chloride (PVC) which revealed morphological 
and molecular changes in the polymer structure. Vivi et al. [62] observed 75% of 
mass loss in unplasticized PVC films during a study involving use of Penicillium 
funiculosum, Aspergillus brasiliensis, Paecilomyces variotii, and Trichoderma 
virens upon 28 days of treatment. 

Polyurethane (PU) has been reported as easy to degrade at normal laboratory 
conditions and it has been evident in many studies [144, 178]. Many fungal species 
such as Nectria species, Plectosphaerella, Geomyces pannorum, Penicillium 
inflatum, Neonectria ramulariae, Penicillium venetum, and Penicillium viridicatum 
have potential to effectively remediate PU materials [179]. Osman et al. [180] 
isolated soil fungi Aspergillus sp. strain S45 which showed weight loss, evolution



of CO2, and breakdown of PU film. Oviedo-Anchundia et al. [149] reported that 
Penicillium spp. displayed maximum 28.34% of PU film degradation in 3 months. 

146 A. Bhatt et al.

5.2.4.3 Metabolic Pathways Involved in Microplastic Remediation 
Biological remediation of plastics is an eco-friendly approach. Microbes can modify, 
transform, and degrade plastic materials through various catalytic reactions 
[181]. Although the complete mechanism of plastic remediation through microbial 
metabolism is not fully understood, still some of the hypothetical biodegradation 
pathways have been reported [10, 182]. 

PE plastics and their chemical derivatives such as polylactic acid (PLA) are easily 
biodegradable as compared to other plastics [183]. According to Oliveira et al. [1], 
the degradation of PE and PLA begins by depolymerization and conversion of 
polymer matrix into oligomers (Fig. 5.8). By the action of hydrolase and esterase 
enzymes, ester bonds are cleaved and as a result, carboxyl and hydroxyl groups are

Fig. 5.8 Microbial degradation pathway of PE plastic [1]



exposed [184]. This leads to generation of simple organic molecules such as lactic 
acid and lactides, which can be easily utilized by fungi by cellular metabolism [185].
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Fig. 5.9 Microbial remediation pathway of PET plastic 

Fig. 5.10 Microbe-mediated PU plastic degradation pathway [188] 

Microorganisms especially fungi have capabilities to degrade PET plastics by 
means of enzyme PETase (Fig. 5.9). This enzyme is extracellular in nature and it 
hydrolyzes PET into monomeric mono-2-hydroxyethyl terephthalate (MHET) and 
bis(2-hydroxyethyl)-TPA (BHET). Such products are further degraded by MHETase 
and BHETase enzymes to form simple terephthalic acid (TPA) and ethylene glycol 
[182]. These simple compounds can directly undergo fungal metabolic pathways 
including glyoxylate pathway and tricarboxylic acid (TCA) cycle. 

PU is a biodegradable plastic which can be generally hydrolyzed through hydro-
lytic cleavage of urethane bonds [186, 187]. As depicted in Fig. 5.10, PU esterase



cleaves PU into polyisocyanate and ethylene glycol. Ethylene glycol is easily taken 
up and converted into glycolic acid by fungi through their cellular metabolism 
[188]. Polyisocyanate is also degraded into simple monomers but the pathway has 
not been studied yet. 
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5.3 Conclusions and Future Perspectives 

Plastics are one of the most abundantly manufactured xenobiotics around the globe 
due their wide variety of application in nearly every single industrial sector as well as 
domestic purpose. As a result, no current recycling and waste management systems 
are capable enough to contain and treat microplastic waste that is generated after-
ward. Over the past decade, human reliance on plastic has been increasing, and due 
to this, microplastic pollution has reached into every ecosystems and niches of earth. 
What makes this issue most urgent is the fact that these pollutants can last for years 
and magnify and already have started causing health hazards in all living beings 
including humans. Thus, it is the need of the hour that researchers around the world 
come up with long-term sustainable solution to this problem. In our literature review, 
we found that fungal remediation strategies have better potential to tackle this 
problem over physicochemical methods as they are less effective with microplastic 
compound that persists in the environment. This chapter emphasizes on the types of 
plastic pollutants and their hazardous effect on various ecosystems and reviewing 
potential mechanism of fungal remediation of microplastic pollutants. Fungi possess 
an array of enzymes that can interact with plastic polymer which otherwise are 
difficult to degrade due to their hydrophobicity and resistance to physical factors 
(temperature, photooxidation, and chemicals). 

Although the ability of diverse fungal species to degrade and potentially mineral-
ize plastics like HDPE, LDPE, PU, PET, and PE is evident from the bioremediation 
studies, more research is required to understand exact enzymatic mechanisms and 
role of undiscovered metabolites. There have been little success and evidences 
regarding tackling PP and PVC microplastics. The mycoremediation can benefit 
greatly by employing genomic, proteomic, and metabolomic approaches as it hasn’t 
been attempted much yet. Furthermore, a more practical approach is required for 
field trials before recommending fungal bioremediation as a tangible solution for 
microplastics. 
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Abstract 

Peptide-based drugs/antibiotics are increasingly becoming preferable due to 
greater incidence of multidrug resistance towards non-peptidic drugs. In addition, 
several non-peptidic compounds also elicit unfavorable or toxic side effects. 
Consequently, besides bacteria, plants and animal-based sources, fungi have 
also been explored very much in the search for novel therapeutic peptides that 
can be more efficacious and safer. Based on the biosynthetic pathways, these 
peptides can be classified as (i) ribosomal peptides and (ii) non-ribosomal 
peptides (NRPs). Several NRPs from diverse fungal sources (soil, marine, and 
endophytes) have been identified and comprehensively characterized, whereas 
studies on ribosomal peptides of fungal origin are limited. In terms of molecular 
architecture, fungal peptides can be classified into four major categories: (i) linear 
peptides with modified N- and C-termini (e.g., peptaibiotics and peptaibols); 
(ii) head-to-tail (backbone) cyclized peptides; (iii) cyclic depsipeptides; and 
(iv) sidechain cyclized peptides. In this chapter, salient features of some major 
fungal peptides that have been found to elicit various kinds of biological activities 
are presented. A few aspects on some fungal peptide-based products of pharma-
ceutical or medical relevance, e.g., caspofungin (brand name: Cancidas) and 
cyclosporin A, which are already available in the market, are also briefly 
delineated. 
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6.1 Introduction 

Right from the time of serendipitous finding of penicillin till now, fungi have always 
been sought after for discovering several drug compounds. Fungi also have been 
useful as biocontrol agents, particularly for agricultural applications [1]. Among 
various types of bioactive molecules that have been identified from different fungal 
species, peptides constitute an important class. Fungal peptides not only elicit very 
interesting in vitro biological functions, but some have also been sold as drugs, e.g., 
caspofungin (brand name: Cancidas; Drug Bank Accession No. DB00520) and 
micafungin (brand name: Mycamine, Drug Bank Accession No. DB01141), while 
some have been found to be useful in the preclinical stages of drug discovery, e.g., 
NZ2114, a derivative of a defensin plectasin [2]. The fungal peptides encompass 
both ribosomal and non-ribosomal classes, depending on the biosynthetic pathways. 
The peptides synthesized by the conventional ribosomal machinery are called as 
RiPPs, which means “Ribosomally synthesized and posttranslationally modified 
peptides” [3–5]. When compared to the non-ribosomal peptides from fungi, only a 
few studies on fungal RiPPs are available in the literature, and those are relatively 
recent [5]. Amatoxins and borosins are some examples of fungal RiPPs. The 
biosynthesis of non-ribosomal peptides involves very large multi-modular enzymes, 
called non-ribosomal peptide synthetases (NRPSs) [6, 7]. The NRPSs utilize both 
proteinogenic and non-proteinogenic amino acids in the biosynthesis of 
non-ribosomal peptides (NRPs). α-Amino isobutyric acid (Aib), isovaline (Iva), 
γ-amino butyric acid (GABA), and anthranilic acid (ATA) are a few examples of 
non-proteinogenic amino acids that are found in several NRPs. Additionally, several 
fungal NRPSs also engage “hydroxy acids” during biosynthesis, thereby producing a 
different class of NRPs called “depsipeptides” [8]. Because of the incorporation of 
the hydroxy acid, depsipeptides contain at least “an ester bond” in their backbone, in 
addition to the usual presence of the peptide/amide bonds. 

Based on the molecular structure/architecture, fungal peptides can be classified 
into four major categories: (i) linear peptides with modified N- and C-termini; 
(ii) head-to-tail (backbone) cyclized peptides; (iii) cyclic depsipeptides; and 
(iv) sidechain cyclized peptides. Cyclic depsipeptides would encompass both back-
bone and sidechain cyclized peptides. The category, sidechain cyclized peptides, 
mostly pertains to disulfide-bonded peptides. The differences in the molecular 
architecture between these four categories can be understood from Fig. 6.1. 

Fungal peptides have been identified from diverse species that inhabit various 
ecosystems such as soil, marine, and plants (endophytes) and also those that thrive in 
insect hosts, e.g., entomopathogens [9, 10]. Since several fungal NRPs have 
modified/blocked N- and C-termini including the cyclic peptides, sequence



elucidation of such peptides has been usually carried out by spectroscopic methods 
rather than by Edman’s degradation method (N-terminal sequencing). Nuclear 
magnetic resonance (NMR) spectroscopy involving homo- and hetero-nuclear mul-
tidimensional methods and mass spectrometry (MS)-based methods have proven to 
be successful in deducing the molecular structure and the sequence of several fungal 
NRPs. Marfey’s method has been widely applied for determining stereochemical
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configuration of the constituting amino acid residues. High-performance liquid 
chromatography (HPLC), particularly reverse phase (RP)-HPLC, has been instru-
mental in advancing as well as accelerating the process of discovering many NRPs of 
fungal origin, especially to isolate pure peptidic components for the purpose of 
carrying out biological assays. Further, combining chromatography with MS too has 
been immensely fruitful not only for sequencing various fungal NRPs but also to 
identify several variants, which possess microheterogeneous sequences. In the 
earlier years, gas chromatography (GC)-MS was utilized for sequencing [11–14], 
and of late, especially during the last three decades or so, RP-HPLC and MS have 
been increasingly applied for identifying and sequencing fungal NRPs [15– 
17]. Online LC-MS also has been attempted to identify and characterize fungal 
peptides [18–22]. Salient features including molecular structural properties and 
biological function of both non-ribosomal and ribosomal fungal peptides are 
presented in this chapter.

162 V. Sabareesh and V. S. Gowri

6.2 Non-ribosomal Fungal Peptides 

6.2.1 Peptaibiotics: Peptaibols (Linear NRPs) 

Many fungi produce linear peptides having a very high content of Aib (c.f. vide 
supra) called “peptaibiotics” [23]. A major class within peptaibiotics is constituted 
by “peptaibols,” which possess acetylated N-termini and C-terminus alcohol 
[24]. The name “peptaibol” was proposed/coined considering the prevalence of 
“Aib” in the sequences and the presence of the C-terminus alcohol group in these 
peptides, viz., “pept + aib + ol” [25]. In addition to Aib, several peptaibols are also 
known to have “isovaline” (ethylalanine), which is another α,α-dialkyl α-amino acid 
similar to Aib [26, 27]. Thus far, more than 700 peptaibols have been identified, and 
their lengths are in the range 4–22 including the C-terminus alcohol residue [22, 28– 
32]. 

With regard to the source, relatively a larger number of peptaibols have been 
identified from Trichoderma species [22, 25, 30, 32]. In addition to the soil fungi, 
peptaibols have been discovered from marine fungi as well, e.g., short-length 
trichobrachins A and B containing 11 residues and long-chain peptaibols composed 
of 20 residues have been reported from marine-derived strain of Trichoderma 
longibrachiatum [33, 34]. Recently, five new 15-residue-long pentadecaibins I–V 
were reported from marine-derived Trichoderma sp. of the Harzianum clade 
[35]. Further, various peptaibols have been reported from Emericellopsis sp., 
Cephalosporium pimprina Thirum., and Acremonium sp. also [12–14]. 

Peptaibols have the ability to insert into the lipid bilayer architecture of the 
cellular membranes and form transmembrane ion channels or pores [36, 37]. So, 
peptaibols are also called as “channel-forming peptides (CFPs),” which can serve as 
models to understand the behavior of ion-channeling activity that is usually carried 
out by transmembrane (receptor) proteins [36, 38]. Most of the channels formed by 
the peptaibols get activated upon application of electric field, and hence, they are



also referred to as voltage-dependent ion channels [38]. The first peptaibol that was 
subjected to voltage-dependent studies was alamethicin [39]. Incidentally, 
alamethicin is also the first peptaibol, whose three-dimensional (3D) molecular 
structure was elucidated by X-ray diffraction, which was reported by Fox and 
Richards in 1982 (vide infra) [40]. This 3D molecular structure could provide 
insights into mechanisms of ion-channel formation aiding in the translocation of 
metal ions across the membrane. As a representative example, the molecular struc-
ture of 20-residue-long alamethicin F-30 is shown in Fig. 6.2a. Alamethicin F-30 has 
eight Aib residues and C-terminus phenylalaninol. 3D molecular structures of 
several other natural peptaibols and synthetic analogues were also determined by 
X-ray diffraction, NMR spectroscopy, and circular dichroism spectroscopy [41–50]. 
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Most of these structures have been found to adopt largely helical conformations 
[51, 52]. Though Aib is known to predominantly nucleate helical conformations, it 
gets accommodated in other types of conformations, e.g., polyproline II and 
extended conformations also, as reviewed by Aravinda et al. (2008) [51]. 

In terms of primary structure, peptaibols are often produced as mixtures of very 
closely related peptides that have microheterogeneous sequences (i.e., isoforms), 
which may be attributed to their biosynthetic route that involve NRPSs [27]. The 
microheterogeneity can be due to exchanges or replacements of amino acids such as 
Gly $ Ala, Ala $ Aib, Aib $ D-Iva, and Gln $ Glu, only at certain specific 
positions in their sequences, which causes differences of 1 Dalton (Da) or 14 Da or 
15 Da between their molecular masses. Often such replacements do not even alter 
their molecular masses, but only lead to some minor variations in their sequences, 
viz., isobaric analogues. Another striking observation is that the occurrence of the 
dipeptide fragments Aib-Aib and Aib-Pro is preponderant in several peptaibol 
sequences [53]. Based on amino acid sequence identities, peptaibols are classified 
into nine superfamilies. Position-specific preferences of amino acids and the lengths 
of the peptides distinguish the members between the superfamilies [52]. 

Lipopeptaibols and Other Peptaibiotics Other than acetylated N-terminus, 
peptides possessing N-terminus acyl modification, e.g., octanoyl, dodecanoyl, etc., 
also have been identified from some fungi. These are called “lipopeptaibols,” e.g., 
trichogin A IV from Trichoderma longibrachiatum [41], trikoningins KB I and II 
from Trichoderma koningii Oudem. (collected in Uruguay) [54], halovirs from the 
marine fungus of the genus Scytalidium [55], and lipovelutibols from the Himalayan 
Trichoderma velutinum [17]. Further, instead of C-terminus alcohol, fungal 
peptaibiotics with C-terminus modified by amine or amide functional group too 
have been discovered, for instance, leucinostatins, efrapeptins (Fig. 6.2b) and 
trichopolyns [26, 56]. The C-termini of efrapeptins contain an unusual moiety: 
1,5-diazabicyclo [4:3:0] nonene (DBN) [57–59] (Fig. 6.2b). Presence of “pipecolic 
acid” and “β-alanine” residues are some notable features in the sequences of 
efrapeptins, leucinostatins, and gichigamins [26, 28, 57, 58]. Fig. 6.2b shows a 
representative molecular structure of an efrapeptin.
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Sequence Elucidation of Peptaibiotics In the 1970s, Rinehart’s group began to 
elucidate the sequences of alamethicins, emerimicins, and antiamoebin by using gas 
chromatography-mass spectrometry (GC-MS), involving field desorption (FD) as 
the mode of ionization [12–14]. Subsequently, in the 1980s, fast atom bombardment 
(FAB)-MS was utilized to deduce the sequences of other peptaibols, e.g., 
zervamicins, trichotoxins, paracelsins, etc. [60, 61]. HPLC, particularly the reverse 
phase mode in conjunction with FD and FAB-MS, also was shown to be useful to 
identify various classes of microheterogeneous peptaibols [11]. From the late 1990s, 
electrospray ionization (ESI)-MS began to be applied for identifying novel peptaibol 
molecules and also to characterize the extent of microheterogeneity in their 
sequences [15, 18, 19, 21, 33, 59, 62, 63]. NMR spectroscopic methods are also 
applied to verify the sequences as well as to determine the 3D conformation [16, 30, 
32, 35]. The stereochemical configurations of the constituting amino acids are 
determined by using Marfey’s method [16, 17, 30, 32, 35]. 

Biological and Other Functions 
As aforementioned (vide supra), several peptaibols can form ion channels by 
inserting into the cellular membranes and aid in the translocation of cations across 
the membrane [36, 38]. Based on the size of the peptaibols, different models were 
put forward in order to understand the mechanism of formation of ion channels 
within the cell membrane. “Barrel stave model” has been suggested for longer 
peptaibols (~17–20 amino acid residues) such as alamethicin, whereas “Carpet 
model” was proposed for short peptaibol sequences, e.g., trichogin A IV [52]. Fur-
ther, peptaibols have also been demonstrated to be “uncouplers” of mitochondrial 
oxidative phosphorylation [64, 65]. Besides their insect toxicity, the efrapeptins 
(peptaibiotics) from the entomopathogenic Tolypocladium niveum strongly inhibit 
mitochondrial (F1) ATPase and photophosphorylation in chloroplasts [57, 66]. The 
peptaibols, e.g., trichocellins A-II and B-II, have been shown to induce catechol-
amine secretion from bovine adrenal chromaffin cells through Ca2+ influx, in 
addition to their ability to form voltage-dependent ion channels in bilayer lipid 
membranes [67]. Interestingly, a peptaibol from a Trichoderma sp. has been found 
to inhibit the formation of amyloid β-peptide in cultured neuron cells of primary 
guinea pig cerebral cortex, at sub-μM concentrations (IC50 = 0.1 μg/ml), and it was 
not observed to be cytotoxic as well for concentrations <3 μg/ml [68]. 

Peptaibols possessing antiviral activity too have been reported. Rowley et al. 
discovered a few lipopeptaibols called “halovirs,” which were potent inhibitors of 
herpex simplex viruses (HSV) 1 and 2 in vitro, at low and sub-micromolar 
concentrations [55]. The halovirs were found to be more active than the free fatty 
acids, thereby showing the importance of the hexapeptide portion for the potent 
virucidal activity. Studies on peptaibols’ activity against mammalian cells are 
relatively less. In this regard, a 22-mer peptaibol, gichigamin A, and some of its 
related analogs were investigated on a pancreatic cancer cell line (MIA PaCa-2) 
in vitro, and it was observed that these peptaibols exhibited a wide range of 
antiproliferative and cytotoxic potencies [28]. Motivated from the outcomes of



these in vitro experiments, gichigamin A was chosen for in vivo experiments, which 
showed that this peptaibol had significant and potent anti-tumor activity in a MIA 
PaCa-2 xenograft mouse model. Moderate in vitro cytotoxic activities against a 
panel of human cancer cell lines (HL-60, LS180, MDA-MB-231, and A549) were 
observed with two lipovelutibols that were isolated from the Himalayan cold habitat 
fungus Trichoderma velutinum [17]. Further, a 14-residue peptaibol from the same 
Himalayan psychrotrophic Trichoderma velutinum showed cytotoxic activity 
against the cancer cell lines, HL-60 and MDA-MB-231, with IC50 values 4 and 
7 μM, respectively [16]. In the HL-60 cells, the same 14-residue peptaibol showed 
apoptosis in a dose-dependent manner [16]. Recently, a few peptaibols identified 
from a sponge-derived Acremonium sp. have also been observed to exhibit cytotoxic 
activity against A549 and/or HepG2 cancer cell lines [29]. Additionally, efrapeptin J 
(peptaibiotic) from a marine Tolypocladium sp. has been shown to be a 
downregulator of a molecular chaperone GRP78, which is implicated in anti-
tumor activity, whereby these experiments were done in HT1080 cells and in 
MKN-74 human gastric cancer cells [69]. 

166 V. Sabareesh and V. S. Gowri

Interestingly, peptaibols have been shown to be useful in the microbial fuel cells 
(MFC) also. Because of their antibacterial activity, peptaibols (neoatroviridins A–D 
from Trichoderma viride) have been shown to aid in improving the power genera-
tion of MFCs by inhibiting methanogenic bacteria [70]. 

6.2.2 Cyclic Peptides (NRPs) 

About 290 fungal cyclic peptides have been reported in the literature, which has been 
reviewed by Wang et al. (2017) [9], wherein they have classified these cyclic 
peptides according to their size, viz., based on the number of amino acid residues 
constituting the cyclic peptide. Starting from cyclic tripeptides (composed of three 
residues), Wang et al. (2017) [9] have covered cyclic peptides of sizes up to 
18 amino acid residues. Many are head-to-tail (viz., fully backbone) cyclized 
peptides; however, considerable number of “backbone-sidechain cyclized peptides” 
have also been identified. In the ensuing discussions, salient features of certain 
classes of cyclic peptides, especially those possessing some rare amino acid residues, 
are described. 

Cyclic peptides have been found from the soil fungi, marine fungi [10], 
entomopathogenic fungi, as well as endophytic fungi [9]. To a larger extent, fungal 
cyclic peptides have been identified from the genera Aspergillus, Penicillium, 
Fusarium, and Acremonium [9]. Cyclic peptides have been reported from psychro-
philic and psychrotolerant fungi as well. In this regard, a very interesting cyclic 
peptide called “psychrophilin A” is of worth to be mentioned, which was identified 
from psychrotolerant Penicillium ribeum [71]. Psychrophilin A is the first natural 
cyclic peptide reported to contain a nitro group (instead of amino group). Another 
notable feature of psychrophilin A is, the presence of anthranilic acid (ATA), whose 
amino and carboxylic acid groups are part of the cyclic backbone structure, whereby 
the carboxylic group of the anthranilic acid forms a peptide bond with the nitrogen of



the tryptophan sidechain (see Fig. 6.3a). Thus, instead of an amino group, a nitro 
group is actually linked to the α-carbon of the tryptophan residue. The amino group 
of the anthranilic acid forms a peptide bond with carboxyl group of proline. Fig. 6.3a 
shows this unusual molecular structure of psychrophilin A. Two more cyclic 
peptides, cycloaspeptides A and D, also were identified from the same 
psychrotolerant Penicillium ribeum [71]. These two peptides also contain ATA as 
part of the cyclic backbone structure. 
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Additionally, the cycloaspeptides A and D possess N-methylated residues: 
N-methyl phenylalanine and N-methyl tyrosine. Another psychrotolerant species, 
Penicillium algidum, was found to produce “psychrophilin D” [72], which has 
leucine residue instead of proline of psychrophilin A. The psychrophilin D was 
found to exhibit moderate activity in the P388 murine leukemia cell assay, while the 
cycloaspeptides A and D showed moderate activity against Plasmodium falciparum



[72]. Further, four new cyclic peptides that were very closely related to 
psychrophilin class of peptides (as discussed above) were discovered from marine-
derived fungus Aspergillus versicolor ZLN-60 [73]. From this same species of 
marine Aspergillus, Peng et al. (2014) also identified a hexapeptide, versicotide C 
that had two ATA residues and two N-methylated alanine residues. Two new cyclic 
peptides containing γ-Aminobutyric acid (GABA), unguisins A (Fig. 6.3b) and B, 
were identified from the marine-derived Emericella unguis by Malmstrom (1999), 
and this was the first study that reported about the occurrence of GABA as part of the 
ring structure of the cyclic heptapeptides [74]. An intriguing aspect is that five 
residues of these cycloheptapeptides have D-stereochemical configuration. 
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Subsequently, unguisins C and D were also reported from the same marine 
Emericella sp., whereby the peptide unguisin D was obtained through precursor-
directed biosynthesis by adding L-leucine in the fermentation medium, as a result of 
which leucine got incorporated in the sequence of unguisin D, by replacing one of 
the valines of unguisin B [75]. Further, unguisin F was reported from an endophytic 
fungus Mucor irregularis, which was isolated from a medicinal plant Moringa 
stenopetala [76]. Aib containing cyclic heptapeptides, scytalidamides A and B, 
have also been reported from a marine fungus Scytalidium, wherein the 
scytalidamide B possessed 3-methyl proline residue, which is a rare modification 
[77]. Both these peptides showed in vitro cytotoxicity towards human colon carci-
noma tumor cell line HCT-116 and NCI-60 cell line panel, with the IC50 values in 
the range 2–11 μM [77]. 

Sclerotides A and B from a marine-derived halotolerant Aspergillus sclerotiorum 
PT06-1 are interesting examples of cyclic hexapeptides in that they possess an 
unusual amino acid, dehydrotryptophan (Δ-Trp) [78]. Sclerotides A and B also 
contain ATA (Fig. 6.3c). Another notable aspect is that the sclerotide A and 
sclerotide B were photointerconvertible, whereby this inter-conversion occurs at 
the double bond of the Δ-Trp. And recently, three novel sclerotides C–E have been 
reported from soft coral-derived Aspergillus sclerotiorum SCSIO 41031 [79]. The 
same marine halotolerant Aspergillus sclerotiorum PT06-1 produced another class 
of cyclic peptides, which contained “ornithine” and N-methylated residues, in a 
nutrient-rich medium [80]. These were cyclic tripeptides named as “sclerotiotides,” 
wherein the δ-amino group of ornithine was involved in the formation of backbone 
amide (peptide) bond with the next amino acid residue. However, the α-amino group 
of the ornithine residue is not free; rather, it is bonded to a fatty acid by means of 
amide linkage, and this fatty acid contained unsaturated hydrocarbon chain. This 
hydrocarbon chain also contained aldehyde or hydroxyl functional group as substit-
uent. Thus, ornithine residue-containing sclerotiotides are 12-membered ring 
structures. Furthermore, another sclerotiotide having lysine in the place of ornithine 
was also reported. Recently, from an Antarctica-sponge-derived Aspergillus 
insulicola HDN151418, three new sclerotiotides M–O (cyclic tripeptides) were 
discovered, whereby the variations in these three peptides were due to the nature 
of functional groups or substituents on the unsaturated hydrocarbon chain which is



linked to the α-amino group of the ornithine residue [81]. Thus, sclerotiotides are 
examples of backbone-sidechain cyclized peptides. 
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As already mentioned, cyclic peptides have been discovered from 
entomopathogenic fungi as well. For instance, hirsutide, a cyclic tetrapeptide of 
sequence, cyclo-(L-NMe-Phe-L-Phe-L-NMe-Phe-L-Val), was reported from a 
spider-derived entomopathogenic fungus, Hirsutella sp. in New Zealand 
[82]. Three new cyclic tetrapeptides whose sequences were somewhat similar to 
the hirsutide’s sequence were identified from a fungus, Onychocola sclerotica, 
which was isolated from a poultry farm soil in Indonesia [83]. These three cyclic 
tetrapeptides were noted to block the cardiac calcium channels (Cav1.2), but not the 
hERG potassium channel [83]. Novel cyclic tetrapeptides, pseudoxylallemycins A– 
F, were discovered from a termite-associated fungus, Pseudoxylaria sp. X802, 
which was on the Microtermes sp. colony collected in South Africa [84]. The 
pseudoxylallemycins B–D possessed the unusual allenyl modification on the aro-
matic moiety. 

Epichlicin, a cyclic octapeptide containing a β-amino acid residue, was isolated 
from an endophytic fungus Epichloe typhina of timothy plant (Phleum pretense L.) 
[85]. Epichlicin is rather a lipocyclic peptide as it possesses long hydrocarbon 
sidechain of the β-amino acid residue, viz., 3-amino tetradecanoic acid. Epichlicin 
was found to inhibit the spore germination of Cladosporium phlei, which is a 
pathogenic fungus of timothy plant. Recently, Ekanayake et al. had reported the 
identification of three cyclic octapeptides, broomeanamides from the fungus 
Sphaerostilbella broomeana (TFC201724) collected from the foothills of Himalayas 
in India [86]. Examples of a few fungal cyclic peptides possessing unusual amino 
acids are listed in Table 6.1. 

Cyclosporin A is a very popular fungal cyclic peptide since it has been used as an 
immunosuppressive drug. Cyclosporin A has been identified in various fungal 
genera and species, e.g., Tolypocladium sp., Fusarium sp., Aspergillus sp., 
Trichoderma sp., and Beauveria nivea [9]. Several variants/analogs of cyclosporins 
have also been identified from different fungi. In addition to the immunosuppressant 
activity, cyclosporins also exhibit anti-inflammatory, anti-fungal, and anti-parasitic 
activities. Cyclosporin A and other analogues are composed of 11 amino acid 
residues, among which some are N-methylated residues (see Fig. 6.4). 

6.2.3 Cyclic Depsipeptides 

Cyclic depsipeptides (CDPs) are another class of NRPs that contain backbone ester 
(lactone) bond(s), due to hydroxy acid residue(s) amidst the conventional amide 
(peptide) units. Besides the hydroxy acid residue, many CDPs also contain 
N-methylated amino acid residues. About 350 different CDPs have been reported 
mainly from the genera Acremonium, Aspergillus, Beauveria, Fusarium, 
Metarhizium, Alternaria, etc. [88]. CDPs of different sizes have been discovered 
from various fungal species, albeit cyclic hexadepsipeptides (a hydroxy acid and five 
amino acid residues) represent the largest class of fungal CDPs that have been
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identified thus far [88]. CDPs may be classified into two categories based on the 
nature of hydroxy acid (HA): (i) α-HA-containing CDPs (α-HA CDPs) and 
(ii) β-HA-containing CDPs (β-HA CDPs). Molecular structural properties of some 
α-HA CDPs and a few β-HA CDPS are delineated herein.
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α-HA CDPs Sansalvamide, beauvenniatins, allobeauvericins, beauvericins, 
enniatins, destruxins, roseotoxins, isaridins, etc. are some examples of CDPs that 
have α-HA in their sequences. The cyclohexadepsipeptides beauvenniatins, 
allobeauvericins, beauvericins, and enniatins are interesting in that they have three



ester and three amide bonds which are arranged in an alternating manner in their 
cyclic backbone structure (see Fig. 6.5a) [88]. Another intriguing aspect is that these 
four classes of CDPs have been identified from different fungal genera. 
Beauvenniatins have been identified from Acremonium sp., many beauvericins can 
be found in Beauveria bassiana, allobeauvericins were reported from Paecilomyces 
tenuipes, and enniatins have been discovered predominantly from Fusarium 
sp. [88]. A few beauvericins have been reported from Paecilomyces tenuipes also 
[88]. Enniatins have been found in endophytic as well as from entomogenous 
Fusarium sp. Likewise, though destruxins, roseotoxins, and isaridins have been 
identified from different fungal genera, these three classes may be grouped together 
based on the similarities in their molecular structures, wherein these peptides contain 
a β-amino acid residue (β-alanine) as part of their cyclic backbone, in addition to an 
α-HA (see Fig. 6.5b) [20, 89–91]. Destruxins are produced by the entomopathogenic 
Metarhizium anisopliae [89], roseotoxins are produced by Trichothecium roseum 
[90], while isaridins can be found in Isaria sp. [20, 91]. Thus, it is interesting to note 
that structurally very similar CDPs can be found from different fungal genera or 
species. In other words, fungi of different genera or species produce structurally 
similar CDPs. Perhaps, similar biosynthetic pathways involving NRPSs might be 
operating in different fungal genera. 
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The cyclohexadepsipeptides hirsutatins from the insect pathogenic Hirsutella 
nivea BCC 2594 and trichodepsipeptides from the filamentous fungus 
Trichothecium sp. can also be grouped in one class, although they are found in 
two different genera, since these peptides have identical cyclic backbone structure 
[92, 93]. Both hirsutatins and trichodepsipeptides contain two α-HA residues that are 
bonded next to each other and, hence, have two adjacent ester bonds in their cyclic 
backbone, albeit there are minor variations in the sidechains of one or two residues 
between hirsutatins and trichodepsipeptides. The leualacins reported from the fungus 
Hapsidospora irregularis are cyclic pentadepsipeptides, contain two α-HA residues 
(α-hydroxy leucine) that are not adjacent in its sequence, and have a β-amino 
acid residue, β-alanine [94]. 

The cyclic octadepsipeptide, bassionolide, and the “series of PF1022” CDPs have 
identical cyclic backbone architecture, which is characterized by equal number of 
ester and amide bonds occurring in an alternating fashion. The bassionolide was 
identified from Beauveria bassiana and Verticillium lecanii [95]. It is composed of 
four hydroxy valine and four N-methyl leucine residues, and hence, the sequence of 
bassionolide can be written as cyclo-[(N-Met Leu – Hyd. Val)4]. The series of 
“PF1022” CDPs were identified in Mycelia sterilia, and all the peptides in this series 
possess four N-methyl leucine residues, whereas the α-HA residues in this series can 
be hydroxy alanine (Hyd. Ala) or hydroxy phenylalanine (Hyd. Phe) or hydroxy 
tyrosine (Hyd. Tyr) [96]. The PF1022F, cyclo-[(N-Met Leu – Hyd. Ala)4] was also 
identified in Trichoderma asperellum, which was an endophyte of a traditional 
Chinese medicinal plant [97]. Thus, the four N-Met leucine residues are conserved 
across the sequences of bassionolide and all the CDPs of PF1022 series.
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β-HA CDPs Beauveriolides, oryzamides, isariins, and emericellamides possess 
β-HA residue, which has somewhat long hydrocarbon sidechain on the β-carbon 
(with respect to the carboxyl group). Hence, these CDPs are also called cyclic 
lipopeptides. Beauverolides are tetra CDPs, while oryzamides, isariins, and 
emericellamides are cyclic hexadepsipeptides. Beauverolides are mainly present in 
Beauveria sp., especially in B. bassiana [98–100]. Oryzamides were identified from 
the sponge-derived fungus Nigrospora oryzae PF18 [101]. The CDP isariin was first 
reported by Vining and Taber way back in 1962 from Isaria cretacea [102]. There-
after, Baute et al. (1981) and Deffieux et al. (1981) identified three variants of isariin 
(isariins B, C, and D) from Isaria felina [103, 104]. Based on LC-ESI-MS/MS and 
NMR spectroscopy, six more variants of isariin were identified, wherein these 
variants differed only at one particular amino acid residue that was bonded to the 
hydroxyl group of the β-HA [20]. Interestingly, a novel isariin (iso-isariin B) and a 
known isaridin (isaridin E) were discovered in Beauveria felina also 
[105]. Emericellamides were reported from Aspergillus [106] as well as from 
marine-derived Emericella sp. [107]. Once again it is notable that peptides having 
very similar molecular structures and identical cyclic backbone architecture are 
produced by fungi belonging to different genera, as evident in the cases of 
oryzamides, isariins, and emericellamides. 

Halobacillin, a cyclic octadepsipeptide, was first reported from a marine Bacillus. 
However, it was also discovered in an endophytic fungus Trichoderma asperellum 
that was residing in a traditional Chinese medicinal plant [97]. Halobacillin consists 
of a β-HA residue having a hydrocarbon sidechain (C12H25) on the β-carbon, and 
hence, it is also an example of cyclic lipopeptide. Examples of a few fungal cyclic 
depsipeptides are listed in Table 6.2. 

6.3 Ribosomal Fungal Peptides 

6.3.1 Disulfide-Bonded Peptides: Fungal Defensins 

Disulfide-bonded peptides are also a type of cyclic peptides, whereby the formation 
of cyclic or ring-like structure involves the sidechain atoms rather than the backbone 
atoms. In other words, disulfide-bonded peptides come under the class of sidechain-
sidechain cyclized peptides. Defensins are disulfide-bonded (cysteine-rich) peptides 
that have been identified in vertebrates including humans, in plants, as well as in 
insects [108–112]. These polypeptides constitute an important class of antimicrobial 
peptides (AMPs), which has a vital role as part of the innate immune system, and 
thus contribute to the host defense against bacterial, fungal, and viral infections 
[109]. When compared to the total number of defensins known from vertebrates, 
plants, and insects, the number of defensins or defensin-like peptides (fDLPs) 
identified from fungi is relatively less [113]. Nevertheless, fDLPs are touted to be 
of therapeutic value particularly in the context of rise in the drug-resistant strains, 
e.g., a derivative of a fDLP, NZ2114, could reach the preclinical stage of drug 
discovery [114].
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Table 6.2 A few examples of fungal cyclic depsipeptides

α -HA-containing CDPs
I. CDPs having one α-HA only 
S. No. Names of the CDPs Sources References 
1. Destruxinsa Metarhizium anisopliae [89] 

2. Roseotoxinsa Trichothecium roseum [90] 

3. Isaridinsa Isaria sp. [20, 91] 

II. CDPs having more than one α-HA 
S. No. Names of the CDPs Sources References 
1. Beauvenniatinsb Acremonium sp. [88] 

2. Allobeauvericinsb Paecilomyces tenuipes [88] 

3. Beauvericinsb Beauveria bassiana [88] 

4. Enniatinsb Fusarium sp. [88] 

5. Hirsutatins Hirsutella nivea [88] 

6. Trichodepsipeptides Trichothecium sp. [88] 

β-HA-containing CDPsc 

S. No. Names of the CDPs Sources References 
1. Beauverolides Beauveria sp. [98–100] 

2. Isariins Isaria sp. [20, 102–104] 

3. Oryzamides Nigrospora oryzae [101] 

4. Emericellamides Emericella sp. 
Aspergillus 

[106, 107] 

a These CDPs also contain a β-amino acid 
b α-HAs and α-amino acids in these CDPs are bonded in an alternating manner, and hence, the cyclic 
backbone is made up of alternating ester and amide bonds, in these CDPs 
c In these CDPs, the sidechain of β-HA contains longer hydrocarbon chain, and therefore, these 
CDPs are also referred to as cyclic lipopeptides 

Plectasin is the first fungal defensin isolated from a saprophytic ascomycete, 
Pseudoplectania nigrella [115]. The in vitro activity of this peptide against Strepto-
coccus pneumoniae was comparable to that of penicillin and vancomycin. The 
recombinantly produced plectasin was found to be active even against the 
antibiotic-resistant strains of S. pneumoniae. It exhibits antimicrobial activity by 
directly binding to the bacterial cell wall precursor lipid II, and the stoichiometry of 
this binding was observed to be equimolar [116]. Plectasin is composed of 40 amino 
acid residues and contains 3 disulfide bonds (UniProt KB ID: Q53I06). The 
sequence of plectasin showed 50–55% identity with sequences of several inverte-
brate defensins, whereas it did not have any significant similarity to the mammalian 
α- and β-defensin sequences [115]. The 3D molecular structure of plectasin contains 
an α-helix and two antiparallel β-strands stabilized by three disulfide bonds. By 
considering the sequence together with the 3D molecular structural features, it was 
evident that plectasin indeed belonged to the defensin family [115]. A derivative of 
plectasin, NZ2114 was found to be potent not only against the multiply drug-
resistant bacterial strains in vitro, but it also was efficacious in the in vivo pharma-
codynamic investigation carried out in a murine infection model [2]. Furthermore,



NZ2114 could also exhibit strong bactericidal activity in the cerebrospinal fluid 
(CSF) by penetrating into the CSF in an experimental meningitis model, indicating 
its potential to treat infections in the central nervous system (CNS), including the 
penicillin-resistant pneumococcal meningitis [117]. 
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Eurocin is another new fungal defensin isolated from another ascomycete 
Eurotium amstelodami [118]. It is a 42-amino acid residue-long polypeptide with 
three disulfide bonds. Its 3D molecular structure is made up of an α-helix and two 
β-strands forming an antiparallel β-sheet (c.f. PDB ID 2LT8), referred to as cysteine-
stabilized αβ-fold (CSαβ) [119, 120]. Thus, the eurocin’s 3D structure was found to 
be highly homologous to the structures reported from other fungal and invertebrate 
defensins. Similar to plectasin, eurocin shows more strong effect on Gram-positive 
bacteria than Gram-negative bacteria. From the cell-free assay experiments, it was 
observed that eurocin also binds to the bacterial cell wall precursor lipid II, 
suggesting that both eurocin and plectasin follow a similar binding mechanism. In 
vivo and in vitro antimicrobial assays showed that eurocin is a fast and effective 
antibiotic against Streptococci even at low concentrations. 

Copsin is a novel antibiotic identified in the mushroom Coprinopsis cinerea, and 
perhaps, it is the first defensin to be identified from the fungal phylum of 
Basidiomycota [121]. It is composed of 57 amino acid residues with N-terminal 
pyroglutamic acid and 6 disulfide bonds. The sequence of copsin showed 20–27% 
identity with the defensins from other invertebrates, fungi, and plants. The 3D 
molecular structure of eurocin also consists of CSαβ fold, similar to the structures 
of eurocin and plectasin (vide supra). The sequence of the secondary structural 
elements displayed high identity to the known defensins that possessed CSαβ 
structural motif; however, the length and the composition of the loop regions and 
the termini were found to be unique. Copsin inhibited Gram-positive bacteria such as 
Bacillus subtilis, Listeria sp., and Enterococcus sp. in the low μg/ml range, and it 
showed most potent activity against Listeria monocytogenes, which is a well-known 
food-borne pathogen. Copsin did not elicit antibacterial activity, when treated with 
reducing agent (e.g., dithiothreitol, DTT), indicating the importance of disulfide 
bonds for the integrity of its 3D structure and its biological function. 

The defensin micasin identified from a dermatophytic fungus Microsporum canis 
was found to act against both Gram-positive and Gram-negative bacteria suggesting 
that the micasin’s mode of antimicrobial action is different from eurocin and 
plectasin [122]. Micasin could also kill two clinical isolates of methicillin-resistant 
Staphylococcus aureus and the opportunistic pathogen Pseudomonas aeruginosa at 
low micromolar concentrations. Very recently, a non-hemolytic fDLP, Pyronesin 
4 (Py4), was reported from the basal filamentous ascomycete Pyronema confluens 
[113]. Py4 inhibited the bacterial cell wall biosynthesis, and it was found to be highly 
stable in the mammalian serum. 

A brief survey into UniProt KB database looking for “fungal defensins” revealed 
a few more peptides. Though only a few fungal defensins have been isolated and 
characterized, six different families of fDLPs have been identified from the available 
fungal genome sequences through computational prediction, whereby the



computational analysis indicated very good conservation of three different types of 
defensins between animals and fungi [119]. 
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6.3.2 Fungal RiPPs 

α-Amanitin, phallacidin, ustiloxin, phomopsin, and epichloëcyclin are a few 
examples of fungal RiPPs [5]. Hydroxylation, methylation, epimerization, and 
acetylation are some posttranslational modifications that have been observed on 
fungal RiPPs [3]. As reviewed by Vogt and Kunzler, the fungal RiPPs identified thus 
far have been classified into four different families: amatoxins/phallotoxins, 
borosins, dikaritins, and epichloëcyclins. α-Amanitin and phallacidin represent 
the first fungal RiPP family, identified from the poisonous mushrooms belonging 
to the genus Amanita [123]. α-Amanitin (amatoxin) is a bicyclic octapeptide, while 
the related phallacidin (phallotoxin) is a bicyclic heptapeptide [123]. Amatoxins 
inhibit RNA polymerase II, and amatoxin poisoning can affect the liver, leading to 
death as well; however, phallotoxins elicit toxicity by stabilizing F-actin [123]. The 
phallotoxins exhibit toxicity only through parenteral administration and not orally 
due to poor absorption [123]. 

The family dikaritins constitutes ustiloxins, phomposins, and asperipins. These 
three classes of peptides were identified from ascomycetes. A striking feature in the 
molecular structures of dikaritins is the presence of “ether” linkage as part of the 
cyclic/ring structure involving the sidechain of tyrosine [5]. Ustiloxins and 
phomposins inhibit tubulin polymerization and suppress mitosis, whereas the 
biological activity of asperipin is not yet known [5]. The borosin family consists 
of cyclic peptides called “omphalotins” that have N-methylation at several amide 
bonds [124]. Prior to the identification of omphalotins, the N-methylation was 
mostly thought to be prevalent in non-ribosomal peptides only. Omphalotins E–I 
from the basidiomycete Omphalotus olearius have been reported to have 
nematicidal activity [124]. The endophytic fungus belonging to the genus Epichloë 
synthesizes cyclic nonapeptides called epichloëcyclins, whose biological function is 
not reported yet [125]. 

6.4 Fungal Peptides as Drugs 

Caspofungin (brand name: “Cancidas”) is a semi-synthetic lipopeptide, which is the 
first member in the new drug class called “echinocandins,” as named by Merck & 
Co., Inc. (https://go.drugbank.com/drugs/DB00520). It was originally obtained as a 
fermentation product from the fungus Glarea lozoyensis [126]. Many clinical trials 
proved “caspofungin” to be efficacious for the treatment of esophageal, oropharyn-
geal, and invasive candidiasis as well as for invasive aspergillosis [127, 128]. It was 
approved by the Food and Drug Administration (FDA) for use in the United States 
[127, 129]. A few other members of echinocandin class are (i) micafungin 
(brand name: “Micamine”; Drug Bank Accession No. DB01141) and

https://go.drugbank.com/drugs/DB00520


(ii) anidulafungin (brand name: “Ecalta/Eraxis”; Drug Bank Accession 
No. DB00362) [129]. Thus, caspofungin, micafungin, and anidulafungin became 
the “first-line” antifungal agents to treat invasive candidiasis. Resistance towards the 
echinocandin drugs also has been observed [130]. However, it was recently reported 
that caspofungin elicits antifungal activity even against the multidrug-resistant 
(MDR) Candida, when the drug was prepared in low ionic solutions [131]. The 
molecular structures of these three lipopeptides have cyclic peptidic backbone 
comprising six amide (peptide) bonds, and hence, these three are cyclic 
hexapeptides [9]. 
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The cyclic undecapeptide cyclosporin A (CsA) is popularly known for its 
immunosuppressive activity [132]. Due to its selective immunosuppressant 
activities, CsA could be successfully applied in many transplantation therapies, 
and thereby significant improvement was observed in the survival rates after the 
grafting of the solid organs [132]. CsA in combination with other suitable drug has 
proven to be good for treating rheumatoid arthritis as well [133, 134]. Although CsA 
was identified from various fungal sources such as Aspergillus sp., Beauveria nivea, 
Fusarium oxysporum, and Trichoderma polysporum, the fungus Tolypocladium 
inflatum has been extensively utilized for the production of CsA by following 
different fermentation techniques [9, 132]. The other biological functions of CsA 
include antifungal, antiparasitic, and anti-inflammatory [132]. About 25 different 
analogues of cyclosporin have been identified, which have also been observed to 
have immunosuppressant effect as well as antifungal activity [9]. Cyclosporin is sold 
under different brand names, e.g., Sandimmune, Cequa, Gengraf, etc. (https://go. 
drugbank.com/drugs/DB00091). 

6.5 Concluding Remarks 

Because of the continuous emergence of resistant strains of pathogens towards 
various drug compounds, the search for novel antibiotics and antimicrobial 
compounds has not stopped for several years from now. Particularly the peptide-
based antibiotics and antimicrobial peptides have been shown to elicit potent activity 
even against drug-resistant microbial strains [135, 136]. Therefore, exploration of 
peptide-based drugs and antimicrobials have become more preferable. The 
discussions in the previous sections clearly indicate that fungi are indeed very 
valuable (re)sources for exploring and identifying novel peptide antibiotics. Decades 
of research investigations on various fungal sources have unearthed numerous 
non-ribosomal peptides leading to creation of a repertoire of knowledge on these 
peptides. Therefore, the non-ribosomal fungal peptides have been tried and tested a 
lot for developing therapeutic compounds, for example, the echinocandin and the 
cyclosporin classes of drugs (see Sect. 6.4)  [137]. Identification of cytotoxic fungal 
peptaibols and their synthetic analogues, e.g., gichigamins from Tolypocladium 
species in Michigan and lipopeptaibols from a Himalayan Trichoderma species, 
provides encouraging signs for development of novel anti-cancer or anti-tumor 
drugs [16, 17, 28]. Despite this level of progress, several studies are still ongoing,

https://go.drugbank.com/drugs/DB00091
https://go.drugbank.com/drugs/DB00091


and many investigations need to be carried out in future, in order to obtain improved 
and clearer understanding about their natural role(s) of non-ribosomal fungal 
peptides [138]. In contrast, RiPPs from fungi have been reported only in the recent 
past. Therefore, there is enormous scope to investigate the potential of fungal RiPPs, 
so as to develop them into drugs of therapeutic value and make them widely 
available in the market. The discovery of fungal RiPPs might stimulate the interest 
towards “fungal sources” for searching peptide-based therapeutics [5]. Altogether, in 
addition to their natural multiple vital roles in various contexts in the ecosystem, 
fungi are indeed valuable resources for drug discovery and for various agricultural 
applications. Thus, the rise of fungal-based products having diverse applications 
towards general human welfare seems imminent, in the near future. 
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Abstract 

Cordyceps militaris is a valuable mushroom with wide use in food and medicine. 
This fungal product usage in many countries, especially in Southeast Asia, has 
become widespread. There is a growing realization that C. militaris can be used as 
a succedaneum for Chinese cordyceps (Ophiocordyceps sinensis) due to their 
similar chemical characteristics and therapeutic properties. In nature, the compli-
cated life cycle of C. militaris consists of teleomorph stage, anamorph stage, and 
the lifespan of the host insects. The fruiting bodies propagated by inoculation on 
cereal substrates and silkworm pupae have been successfully mass-produced. 
A battery of active components such as cordycepin, adenosine, 
N6-(2-hydroxyethyl)-adenosine, carotenoid, and polysaccharide have been 
extracted from fruiting body. Evidence shows that C. militaris has various 
bioactivities such as immunomodulatory, anti-inflammatory, antitumor, antimi-
crobial, insecticidal, anti-fibrotic, liver protection, kidney protection, and pneu-
monia protection. This fungus finds can be found in functional food, healthcare
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fields, as well as skin care products in East Asian countries represented by China, 
Japan, and Korea. Full elucidation of the production capacities of different 
metabolites and the quality control of the products are critically needed in the 
future. This review will be helpful for the future research and application of this 
fungus.
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7.1 Introduction 

Caterpillar mushroom, Cordyceps militaris (L.) Fr., (Cordycipitaceae, 
Ascomycetes), is one of the popular edible and medicinal fungi. It is the type species 
of the modified genus Cordyceps of the family Cordycipitaceae [1]. C. militaris is 
more and more regarded as a succedaneum for Chinese cordyceps (Ophiocordyceps 
sinensis) in traditional Chinese medicine on account of similar chemical and medici-
nal properties [2–4]. 

There are several resemblances between C. militaris and O. sinensis; however, 
they differ in their hosts, appearance, and geographical distribution. The hosts of 
C. militaris are Lepidopteran pupae or larvae, and their fruiting bodies are yellow or 
orange in color (Fig. 7.1a, b), while the hosts of O. sinensis are larvae of Hepialus, 
and the color of their fruiting bodies is dark brown (Fig. 7.1c, d). The natural 
resource of Chinese cordyceps fungus is scarce, which is only found on the Tibetan 
Plateau. Being different from the Chinese cordyceps fungus, C. militaris is 
distributed worldwide, including North and South America, Europe, and Asia, but 
with a low population density in nature. 

Cordyceps militaris is well-known because of its radio-protection [5], anti-influ-
enza virus [6], anti-inflammatory, and antitumor [7] activities. A series of 
components, including cordycepin, adenosine, N6-(2-hydroxyethyl)-adenosine, 
and carotenoids, have been extracted from the C. militaris. The use of Cordyceps 
militaris product in medicinal treatment and health products has been well received 
in several countries, especially in Southeast Asia. In 2009, the Ministry of Health of 
the People’s Republic of China officially recognized C. militaris as a novel food 
[http://www.moh.gov.cn/publicfiles/business/htmlfiles/zwgkzt/pgg/200903/39591. 
htm]. 

Large-scale fermentation and substrate culture have been widely carried out in 
China to meet the great demand for medicinal and edible products [8, 9]. At present, 
the fruiting body has been successfully cultivated commercially, which is not only 
used in medicine and healthcare products but also can be sold directly in 
supermarkets as edible fungi. 

This review will summarize the research progress including the life cycle and 
fruiting body cultivation, metabolites and pharmacological activities,

http://www.moh.gov.cn/publicfiles/business/htmlfiles/zwgkzt/pgg/200903/39591.htm
http://www.moh.gov.cn/publicfiles/business/htmlfiles/zwgkzt/pgg/200903/39591.htm


pharmaceutical and therapeutic potential, safety and toxicity, as well as industry and 
applications. The issue of making this prized fungus beneficial to all mankind is 
critically discussed. This review summarizes the existing research results and lays 
the foundation for the future research. 
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Fig. 7.1 Fruiting body of 
Cordyceps militaris and 
Ophiocordyceps sinensis in 
the wild: (a) fruiting body of 
C. militaris out of the ground; 
(b) fruiting body of 
C. militaris and the pupae; (c) 
fruiting body of O. sinensis 
out of the ground; (d). fruiting 
body of O. sinensis and 
its host 

7.2 Life Cycle and Fruiting Body Cultivation 

7.2.1 Life Cycle of Cordyceps militaris 

In nature, the complicated life cycle of C. militaris comprises of teleomorph stage 
and anamorph stage as well as the lifespan of the host insects (Fig. 7.2). The hosts are 
holometabolous insects (Fig. 7.2). The insects could be infected by conidia, 
ascospores, and hyphae. Under the specific environmental conditions, the ascospores 
could be ejected and then diffused by wind or water to infect the insects. C. militaris



colonizes the living host insects, and when the insects are eventually dead, it 
switches to necrotrophy. Being different from the O. sinensis which is homothallic, 
C. militaris is sexually heterothallic. Interestingly, single mating-type strain could 
also develop fruiting body without mating and meiosis, but sexual perithecia can’t be  
generated [10]. 
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Fig. 7.2 Life cycle of Cordyceps militaris 

7.2.2 The Isolates of Cordyceps militaris 

C. militaris can be isolated from spores and tissues. For spore isolation, ascospores 
ejected from mature stromata are collected and then spread in sterile Potato Dextrose 
Agar (PDA) medium. The ascospores can germinate after 2–3 days. For isolation of 
tissue culture, the fruiting body was sterilized with 70% ethanol, and a piece of tissue 
was cut and put in sterile PDA medium under aseptic conditions. 

7.2.3 Cultivation of Fruiting Bodies of Cordyceps Militaris on Cereal 
Substrates 

Fruiting body cultivation on cereal substrates was divided into six stages: spawn 
production, mycelial growth under dark, coloring after light irradiation, primordium 
differentiation, fruiting body development, and fruiting body harvest. In a petri plate,



the strain was cultured on Potato Dextrose Agar (PDA), and a sterilizing cutter is 
used to make five to eight circles with a diameter of 5 mm from the agar plate 
medium and transfer them to the seed medium, that is, potato dextrose liquid 
medium. The liquid spawn was cultured in a 500 mL flask with 150 mL of potato 
dextrose liquid medium in a rotary shaker incubator. Wheat or rice medium was 
prepared by mixing 30 g of cereal and 45 mL of distilled water in 500 mL glass 
bottles and was then sterilized. The inoculated cultivation was cultured at 20 °C for 
7–10 days under dark condition and then under 12 h light and 12 h dark conditions, 
with relative humidity greater than 80%. The primordium was induced at tempera-
ture of 18–22 °C, high humidity of 70–80% under a light intensity of 400–500 lx. 
After 60–70 days of culture, fresh fruiting bodies were harvested. The by-products 
produced in large quantities (mainly culture substrates) are mostly used as 
animal feed. 
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7.2.4 Cultivation of Fruiting Bodies of Cordyceps militaris on Pupae 

We can obtain the complete products similar to the natural products of C. militaris by 
cultivation on pupae. The fruiting bodies of pupae are displayed in Fig. 7.3b; 
Bombyx mori silkworm pupae can be raised for fruiting body cultivation. In order 
to remove entangled hyphae, the liquid spawn was prepared as mentioned above and 
then filtered through sterilized gauze. A syringe is used to inject liquid spawn 
(0.1 mL) into each pupa. The injected pupae were incubated in containers at 20 °C 
until fungal growth caused their bodies to become stiff and mummified after 
injection inoculation. 

Fig. 7.3 Cordyceps militaris fruiting bodies cultivated on wheat medium (a) and on pupae (b): D 
(dark); L (light irradiation for 4 d); ST (sclerotium); YPR (young primordium); PR (primordium); 
MF (mature fruiting body)
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7.2.5 Strain Degeneration of Cordyceps militaris and Strain 
Preservation 

During the industrial cultivation, the degeneration of C. militaris strain frequently 
results in a decline in growth rate, fruiting body output, and secondary metabolite 
content, which can cause significant financial losses [11, 12]. The degeneration of 
C. militaris is influenced by environmental factors (such as culture medium, preser-
vation techniques, oxidative stress, and subculture) as well as genetic variation (such 
as DNA methylation and degeneration-related genes). The primary factor for the 
degeneration of C. militaris strains is genetic variation [13]. 

Degradation can be avoided or delayed by proper preservation methods. Lyophi-
lization allows C. militaris strains to preserve their natural properties and avoid 
degradation, which is appropriate for long-term preservation (at least 4 years). The 
characteristics of C. militaris strains stored in sterile water are similar to that of -
196 °C cryopreservation in liquid nitrogen for at least 1 year. Preservation in sterile 
water is an effective method for the preservation of C. militaris strains, which can be 
used in factory production. For this fungus, -80 °C cryogenic freezing is not 
applicable [14]. 

7.3 Metabolites and Biological Activities 

Multiple compounds have been extracted, detected, and purified from C. militaris, 
including cordycepin, cordycepic acid, carotenoids, ergosterol, polysaccharides, 
nucleosides, and other compounds. 

7.3.1 Nucleosides and Analogues 

Cordycepin (3′-deoxyadenosine, C10H13N5O3) is the most important nucleoside 
analogue which was first purified from C. militaris [15, 16], and it has demonstrated 
a wide range of pharmacological activities. A ribose moiety is attached to a purine 
(adenine) nucleoside molecule via a β-N9-glycosidic bond in the structure of 
cordycepin (Fig. 7.4). Most of the 14 C-labeled substances (adenosine, adenine, 
etc.) and 3 H -labeled ribose were determined to be potential cordycepin precursors 
[17, 18]. Therefore, it was assumed that cordycepin was synthesized via purine 
nucleotide pathway. However, a comprehensive description of cordycepin produc-
tion was not proposed and confirmed until 2017 [19]. It was demonstrated that 
adenosine served as the starting point for the sequential reactions of phosphoryla-
tion, dephosphorylation, and reduction, which were performed by the Cns1/Cns2 
complex (Fig. 7.4). 

Various pharmacological activities of cordycepin including antioxidant, antican-
cer, anti-inflammatory, antidiabetic, and antimicrobial activities and inhibition of 
platelet aggregation have been reported (Table 7.1). Cordycepin induces both 
extrinsic apoptotic and caspase-mediated intrinsic regulation [20–23], as well as
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Fig. 7.4 Chemical structures and synthesis pathway of cordycepin and pentostatin [19]: COR, 
cordycepin; PTN, pentostatin; 3’dI, 3′-deoxyinosine 

Table 7.1 Biological activities of metabolites from Cordyceps militaris 

Metabolites Biological activities References 

Adenosine Regulate energy homeostasis, affect the function of various 
organs and central nervous system activity, and modulate 
irregular heartbeat, delay recovery of synaptic transmission 
following spreading depolarization; tumor immunity 

[40] 
[43] 
[42] 
[39] 
[41] 

Cordycepin Anti-inflammatory, antioxidant, antitumor, antidiabetic, 
antibacterial, platelet aggregation inhibition, hypolipidemic, 
analgesia, immunomodulatory, antithrombotic effects, and 
neuroprotective effects 

[89] 
[90] 
[23] 
[91] 
[92] 
[93] 
[94] 
[95] 
[96] 

Cordycepic 
acid 

Anti-lung cancer [71] 

Polysaccharides Elevating TNF-α and IL-1β secretion in macrophage, 
increasing nitric oxide production in macrophage, enhancing T 
lymphocyte proliferation and IL-2 secretion, promoting 
macrophage phagocytotic and acid phosphatase activities, anti-
influenza, stimulating dendritic cell maturation 

[97] 
[98] 
[99] 
[100] 
[101] 

Pentostatin Treatment of several forms of leukemia [102] 

Ergosterol Anti-inflammatory activity, diuretic activity, anticancer 
activity, antioxidant, antitumor, inhibition of bladder 
carcinogenesis promotion 

[65] 
[103] 
[104] 
[68]



resistant cancer metastasis [22, 24], and proliferation via MAPK [25, 26], GSK-3β 
[23, 27], and ERK-JNK pathways [26, 28] found that cordycepin may reduce 
non-alcoholic fatty liver in ob/ob mice, and the potential mechanism may be 
mediated by reduced expression of genes involved in inflammation and lipid forma-
tion. Cordycepin could also modulate the central nervous system by suppressing 
excitatory synaptic transmission via a presynaptic mechanism in rat hippocampal 
slices [29]. Besides, cordycepin could shield dopamine neurons from rotenone-
induced apoptosis by effectively improving mitochondrial dysfunction 
[30]. Cordycepin could stimulate Wnt/β-catenin signaling pathway through the 
activation of adenosine receptors, which may accelerate the process of tissue 
remodeling, showing its potential in the treatment of skin wounds. In brief, 
cordycepin showed important therapeutic properties in various ailments, as well as 
nutraceuticals for chronic disease prevention [31].
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Another adenosine analogue, pentostatin (2′-deoxycoformycin, C11H16N4O4), 
was first isolated from Streptomyces antibioticus in the 1970s [32], which is an 
adenosine deaminase irreversible inhibitor preventing the deamination of cordycepin 
to 3′-deoxyinosine (Fig. 7.4). It was confirmed that an individual gene cluster can 
generate both cordycepin and pentostatin [19]. Pentostatin helps to suppress deami-
nation of cordycepin to 3′-deoxyinosine in vivo, probably by blocking adenosine 
deaminase in C. militaris. 

These two adenosine analogues produced in tandem follow a bacterial-like 
protector-protégé strategy of purine metabolism. Pentostatin, in combination with 
cordycepin, has been reported in clinical trials of refractory TdT-positive leukemia 
[http://clinicaltrials.gov/show/NCT00709215]. 

Pentostatin, a purine analogue, was authorized for use in the United States in 
1991 to treat hairy cell leukemia and T cell lymphomas [33]. Pentostatin, as a strong 
adenosine deaminase (ADA) inhibitor, has also been investigated for use in 
preventing GVHD (graft-versus-host disease) [34–36]. The combination of 
cordycepin and pentostatin showed reduction of epimastigotes and trypomastigotes 
in vitro, but no therapeutic effect infected by Trypanosoma cruzi in mice 
[37]. Pentostatin could also have common adverse effects, including fever, head-
ache, nausea, fatigue, infection, anorexia, vomiting, and rash [33]. 

Additional nucleosides were isolated from C. militaris such as adenine, adeno-
sine, uracil, uridine, guanidine, guanosine, hypoxanthine, and N6-(2-Hydroxyethyl)-
adenosine. 

Adenosine (C10H13N5O4, Fig. 7.5) is involved in various physiological and 
pathophysiological regulatory mechanisms [38] and has been used as quality stan-
dard of some cordyceps products. Adenosine serves as a signaling substance in 
addition to being a significant component of ribonucleic acids and adenine 
nucleotides. It can regulate energy homeostasis, affect the function of various organs 
and central nervous system activity, and modulate irregular heartbeat (Table 7.1). 
Extracellular adenosine acts as a signaling molecule by binding to adenosine 
receptors, which could trigger multiple signaling pathways to regulate energy 
homeostasis and affect the operation of many organs [39]. Adenosine can be used 
for a variety of important therapies, including regulating central nervous system

http://clinicaltrials.gov/show/NCT00709215


(CNS) function and modulating irregular heartbeat (arrhythmias) [40, 41]. The 
accumulation of extracellular adenosine in neural tissue resulted in a delay in the 
synaptic recovery process after spreading depolarization [42]. Leone and Emens 
described the function of adenosine signaling in regulating tumor immunity, 
emphasizing underlying therapeutic targets in the pathway [43]. Besides, behavioral 
and physiological symptoms produced by insufficient adenosine were consistent 
with many comorbidities of autism in rodents [44], and adenosine might be a novel 
therapeutic target for autism in rodents and humans [45]. 
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Fig. 7.5 Chemical structures 
of adenosine (a) and 
N6-(2-hydroxyethyl)-
adenosine (b) [46] 

The first calcium antagonist of biological origin, N6-(2-hydroxyethyl)-adenosine 
(C12H17N5O5, HEA, Fig. 7.5), is also an inotropic agent [46]. Among the over 
500 species of Cordyceps sensu lato, HEA could be produce by only a few species 
such as C. pruinosa, C. militaris, and I. tenuipes [47]. Recent studies have shown 
that HEA has a variety of biological functions. In pharmacological studies, cerebral 
and coronary circulation could be regulated by HEA which acts as a sedative [48]. It 
can prevent K562 erythroleukemia cells from proliferating in vitro [49]. The analge-
sic mechanism of HEA differs from that of opioids, a widely used analgesic drug. 
More importantly, the benefit of HEA over opioids is that it is neither addictive nor 
pepsin-affected [50]. Peng et al. reported that HEA shielded mice from renal 
ischemia reperfusion damage [51]. Additionally, HEA reduced the 
pro-inflammatory reactions brought on by lipopolysaccharide through inhibiting 
the toll-like receptor 4-mediated nuclear factor-κB signalling pathway [52]. A recent 
study showed that HEA targeting an adenosine receptor showed insecticidal activity 
to Plutella xylostella [53], suggesting an environmentally friendly pesticide [54]. 

7.3.2 Polysaccharide 

One of the major biologically active elements of C. militaris is polysaccharide. The 
healthcare and pharmacological activities of C. militaris were confirmed by a mass 
of animal experiments and clinical experiments (Table 7.1). Cordyceps militaris 
contains various polysaccharides, which mainly composed of mannose, glucose, 
and galactose in varying molar ratios [55–58]. In addition, several isolated 
polysaccharides contained monosaccharides such as xylose, rhamnose, and arabi-
nose [59, 60]. The change of monosaccharide molar ratio of polysaccharides may be



related to raw materials, separation and purification techniques, etc. Polysaccharides 
had antiviral, antioxidative, anti-inflammatory, antitumor, neuroprotective, antihy-
pertensive, and immunomodulatory biological effects [6, 61, 62]. The biological 
functions and healthcare functions of polysaccharides were reviewed by Zhang 
et al. [63]. 
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7.3.3 Ergosterol 

Ergosterol (C28H44O, Fig. 7.6) is an important sterol component of C. militaris 
which is an indispensable source of fat-soluble vitamin D and can be determined by 
HPLC method [64]. Ergosterol was first isolated from Claviceps purpurea (Fr.) Tul 
in 1898; subsequently, it was discovered in a variety of edible and medicinal fungi. 
As an important component of fungal cell membranes, it plays a significant role in 
ensuring cell viability, membrane integrity, and completion of the cell cycle. 

Ergosterol safeguards the phospholipids in cell membranes from oxidation by 
operating as an antioxidant in a manner akin to vitamin E [65]. Ergosterol signifi-
cantly improved the anticancer effect [66]. By regulating the TGF-β1/Smad2 signal-
ing pathway, ergosterol decreased the proliferation of mesangial cells and the 
subsequent deposition of ECM [67]. Both oral administration and intraperitoneal 
administration of ergosterol inhibited the promotion of bladder carcinogenesis with 
saccharin sodium, and the last one showed a stronger effect [68]. 

7.3.4 Cordycepic Acid 

Cordycepic acid (C6H14O6) also known as D-mannitol was first determined from 
O. sinensis which was reported to be a quinic acid isomer [69]. As a tetrahydroxy 
monobasic acid, it forms a crystalline tetra-acetate, a mono-methyl ester, and a tetra-
benzoate in O. sinensis [69]. The structure and chemical composition of mannitol 
between O. sinensis and C. militaris are substantially uniform. Cordycepic acid can

Fig. 7.6 Chemical structure 
of ergosterol [64]



improve LPS-induced hepatic stem cell inflammation phenotype and TGFB1-
induced hepatic stem cell fibrosis response [70]. By regulating Nrf-2/HO-1/ 
NLRP3/NF-κB signal in nude mice, cordycepic acid has a significant antitumor 
effect on carcinoma of the lung [71].
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7.3.5 Carotenoids 

Carotenoids are a class of pigmented chemicals produced by plants and microbes but 
not by animals [72]. All carotenoids possess a polyisoprenoid structure [73]. Under 
the illumination condition, the colony of C. militaris exhibited the color of orange 
with high carotenoid content in mycelia [74]. Carotenoids isolated from the fruiting 
body of C. militaris include lutein, zeaxanthin, and four cordyxanthins (Fig. 7.7) 
[75, 76]. C. militaris is rich in carotenoids, with a greater amount than other known 
mushrooms. It was proposed that carotenoid concentration should be used as a 
quality criteria for commercial products of this valuable fungus [77]. 

As a family of natural organic pigment compounds, carotenoid could decrease 
oxidative stress, which is related to the progression [78], and the progression of 
age-related diseases [79]. Cell-mediated immune function and sexual attraction 
changed with the carotenoid content of the diet in male zebra finches [80]. Carotenoid 
had also characteristic functions such as cell cycle inhibition, improvement of 
gap-junctional communication, and induction of cell differentiation and 
apoptosis [81]. 

Fig. 7.7 Chemical structure of four cordyxanthins [75]
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Fig. 7.8 Chemical structure of beauveriolides [88] 

7.3.6 Other Compounds 

5,5’-Dibuthoxy-2,2′-bifuran is initially found from plants. It was extracted for the 
first time from C. militaris that showed antibacterial activity against Bacillus subtilis 
and Escherichia coli [82]. 

In addition to the above compounds, superoxide dismutase (SOD) is an active 
protease that can eliminate oxidative stress to protect cells from damage of aerobic 
metabolite [83]. Cephalosporolides C, E, and F, ten-membered macrolides 
(C10H14O4), 2-carboxymethyl-4-(3′-hydroxybutyl) furan, and pyridine-2, 6-dicar-
boxylic acid (C7H5NO4) were also extracted from C. militaris [84]. C. militaris 
lectin showed no hemagglutination activity in human ABO erythrocytes but had 
agglutination activity in mouse and rat erythrocytes [85]. Cerebrosides with anti-
inflammatory and anti-PTP1B activities were isolated in C. militaris 
[86, 87]. Recently, C. militaris genome mining revealed a possible gene cluster for 
acyl-CoA: cholesterol acyltransferase inhibitor beauveriolides (Fig. 7.8) [88]. 

Apart from the metabolites described above, genomic analysis of C. militaris 
identified secondary metabolite clusters of seven polyketide synthases (PKS), five 
NRPS-PKS, eight non-ribosomal peptide synthetases (NRPS), and four terpene 
synthases (TS). Many more metabolites should be expected to be dug out. 

7.4 Pharmaceutical and Therapeutic Potential of Cordyceps 
militaris 

Cordyceps has long been used as a tonifying kidney and lung health medicine, as 
well as to treat asthma, tuberculosis, chronic bronchitis, and other respiratory 
illnesses. Evidence showed that C. militaris are beneficial to act as anti-angiogenic, 
anti-inflammatory, antitumor, antioxidant, anti-aging, immunomodulatory, antimi-
crobial, antiviral, anti-protozoal, insecticidal, anti-fibrotic, hypolipidemic, liver



protection, and lung protection. The pharmaceutical and therapeutic potential of 
C. militaris and the samples used were listed in Table 7.2. 
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Table 7.2 List of pharmacological effects of Cordyceps militaris 

Pharmacological effects Samples of Cordyceps militaris References 

Anti-angiogenic C. militaris extract [105] 

Antitumor/anti-proliferatory C. militaris protein [106, 107] 

Aqueous extract 

BuOH extracts [108] 

Crude polysaccharide [109] 

Alcohol extract (anti-non-small cell lung 
cancer) 

[110] 

Induce apoptosis Aqueous extract [111] 

[106, 107] 

Alcohol extract [110] 

Immunomodulatory Purified cordycepin 

Homogeneous polysaccharide (CMP-III) [112] 

Anti-inflammatory Water extract [110] 

Constituents isolated from C. militaris [113] 

Hypoglycemic C. militaris extract [114] 

Exopolysaccharide [109] 

Anti-fibrotic EPC from C. militaris [115] 

Improves chronic kidney disease Cordycepin [87] 

Anti-PTP1B (protein tyrosine 
phosphatase 1B) 

A new cerebroside [116] 

Antioxidant C. militaris extracts-mediated 
nanoemulsion 

[117] 

Against liver dysfunction and 
obesity 

Fermented C. militaris extract [118] 

Attenuated doxorubicin-induced 
cytotoxic effects in chemotherapy 

Polysaccharides [119] 

Against bisphenol A-induced 
reproductive damage 

C. militaris extract [23] 

Inhibit RANKL-induced osteoclast 
differentiation 

C. militaris mushroom and cordycepin [120] 

Lipid-lowering Two novel polysaccharides, CM1 and CMS [121] 

Prevent Pb2+-induced liver and 
kidney toxicity 

Extracellular polysaccharide [122] 

Alleviated allergic rhinitis Ethanol extract prepared from silkworm 
pupa-cultivated C. militaris fruiting bodies 

[123] 

Anti-atherosclerotic Alkaline-extracted polysaccharides were 
obtained from the fruiting body 

[124] 

Antidepressant Water extract [125]
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7.5 Safety and Toxicity 

Mycotoxin contamination in food and feed has long posed a threat to human and 
animal health [126]. C. militaris has been consumed for many years, and its safety 
has also been demonstrated because the genome lacks genes known to be responsi-
ble for human mycotoxins [127]. The sub-chronic toxicity experiments of 
submerged mycelial of C. militaris in rats for 90 days showed that the threshold of 
no adverse reaction of C. militaris hyphae to male and female SD rats was 4000 mg 
per kg BW per day [128]. C. militaris extract has a good effect on mild liver 
dysfunction by inhibiting lipid accumulation and slowing down the progression of 
fatty liver [129]. It was proved that cordycepin is a non-toxic and non-mutagenic 
compound by test and in rat model. The hematological, blood chemistry, and tissue 
microanatomical characteristics of rats fed cordycepin daily for 30 consecutive days 
were not significantly different from those of normal rats [130]. 

However, the production of highly effective cordycepin and penstatin is a key 
criterion for the selection of strains for mass production. Similar to the side effects of 
pentostatin and adenosine analogues, there have been anecdotal reports of the 
adverse effects of nausea and diarrhea after ingestion of products with high levels 
of cordycepin/pentostatin [66]. 

7.6 Industry and Application 

In traditional Chinese medicine, Cordyceps fungi have been employed for centuries. 
For various biological and pharmacological activities of C. militaris, there are many 
applications in functional food, healthcare fields, as well as skin care product in 
China, Japan, Korea, and other East Asian countries. Mass production of C. militaris 
inoculated on cereal substrates and silkworm pupae has long been successful. 
Currently, cordyceps have turned to be a big industry. Without taking into account 
the yield of C. militaris in South Korea, Japan, Vietnam, and Thailand, yearly output 
amounts to 90, 559 tons in 2018 and annual value of production was about 10 billion 
RMB in China. 

Fruiting bodies have been commercially cultivated on a large scale, not only for 
medicine and healthcare products but also for direct consumption in supermarkets as 
edible fungi. There are a great number of products of dry or fresh fruiting bodies of 
C. militaris on the market (Fig. 7.9). The famous cordyceps recipe is made with 
duck. C. militaris chicken soup is also popular (Fig. 7.10). 

In 2009, the Ministry of Health of the People’s Republic of China officially 
recognized C. militaris as a novel food. The fruiting bodies of C. militaris have also 
been processed into a variety of different products, including cordyceps noodle, 
drink, tea, and so on (Fig. 7.11). In addition, 36 officially healthy foods are made 
from C. militaris. Most of them were used for improving the immunity. C. militaris 
is used in cosmetic, and there are products of mask, lotion, moisturizer, and so on 
(Fig. 7.12). In recent years, it has been reported that the solid-based residues (SBRs) 
of Cordyceps mushroom fruiting body can be used as a potential source of crude
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Fig. 7.9 Fresh and dried fruiting bodies of Cordyceps militaris in the market. (a) products of fresh 
fruiting body; (b) products of dry fruiting body 

Fig. 7.10 Dishes cooking with Cordyceps militaris



extracts for cosmetics and can be further used as multifunctional ingredients in 
cosmetics and cosmeceuticals [131]. Nowadays, an enormous industry building on 
C. militaris has been flourished in China.
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Fig. 7.11 Processed foods of Cordyceps militaris. (a) noodle; (b) beverage; (c) tea; (d) health 
food; (e) candy; (f) health products with high cordycepin content 

Fig. 7.12 Cosmetics of Cordyceps militaris 

C. militaris mycelia powder (Z20030034) and capsule (Z20030035) (Fig. 7.13) 
which are manufactured by Jilin Zhong sheng Pharmaceutical Co., Ltd. have been 
approved by the Ministry of Health of the People’s Republic of China. The pharma-
cological effects of the medicines are shown in the drug instruction.
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Fig. 7.13 Capsule (Z20030035) manufactured by Jilin Zhong sheng Pharmaceutical Co., Ltd., 
China 

7.7 Perspective 

7.7.1 Cordyceps militaris and the Other Species of Cordyceps s.l. 

Cordyceps s.l. include three families of Hypocrealean fungi, i.e., Cordycipitaceae, 
Ophiocordycipitaceae, and Clavicipitaceae. Only a few fungi of cordyceps have 
been employed in traditional medicine, such as Ophiocordyceps sinensis, 
C. militaris, and C. cicadae (syn. Isaria cicadae). Among them, C. militaris, 
C. cicadae, and O. guangdongensis have been approved as novel foods by the 
Ministry of Health of the People’s Republic of China. All the related fungi were 
called as Cordyceps fungi. Here, we called on that the accurate species name should 
be used both in the scientific research and industrial production in case of confusion. 

7.7.2 In-Depth Investigations of the Secondary Metabolites 
of Cordyceps militaris 

Except cordycepin, the polysaccharides of other pharmacologically active 
compounds need to be identified and elucidated in relation to their structure and 
function. In contrast to the few known metabolites, C. militaris genome encodes a 
series of biosynthetic gene clusters with the potential to generate a large number of 
unknown compounds. Full elucidation of the production capacities of different 
secondary metabolites is an urgent need in the future. 

7.7.3 Quality Control for Cordyceps militaris Products 

Although C. militaris has become a massive industry and various products have been 
in market, there are no special active components for the products except the 
common ones such as polysaccharides and adenosine. One of the major problems 
limiting development in modern industry is the lack of quality control over medici-
nal fungi and other traditional Chinese medicines. Chemical (secondary metabolites) 
and protein fingerprinting should be the choice for the quality control in industry.
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7.8 Conclusions 

Cordyceps militaris has attracted considerable research and commercial interest 
because it contains active compounds beneficial to human health, and the fruiting 
bodies are relatively easy to grow with a short growth period. We believe the fruiting 
body and the products of C. militaris will benefit mankind more and more in the 
future. 
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Abstract 

Lactic acid production and its polymerization to poly-lactide (PLA) using renew-
able resources have recently gained advancement in the field of biomedical 
science. It is greeted as a promising alternative to tackle the alarmingly environ-
mental, economical and technological issues raised from excessive use of 
petroleum-based plastics. PLA due to its good processability and biocompatibil-
ity always has fascinated researchers in the clinical sector, yet its high degree of 
hydrophobicity and absence of reactive groups cause steric hindrance and 
impeded biofunctionalization of PLA surface for cell attachment. PLA produc-
tion from renewable resources showed a significant reduction in greenhouse gas
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emissions and fossil energy use as compared to conventional petrochemical-
based polymers, thus reducing the threat of global warming. Although lactic 
acid production from lactic acid bacteria (LAB) is an illustrious domain, produc-
tion of the green chemical using fungal biomachineries is yet a domain to be 
explored. Artificial intelligence (AI), a high-tech next-generation technology, is 
being adapted in all research fields starting from big data analysis to personalized 
medicines. AI-based mycology modelling for lactic acid production unlocks new 
prospects for the researcher. The present article is an attempt to explain the 
potentials of lactic acid production using fungal machineries for sustainable 
development.
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8.1 Introduction 

Biopolymer is undoubtedly considered as the material standing between the inter-
phase of modern material science and biology. Over the decades, the devastating 
outcomes of exploiting petroleum-based polymers forced researchers, academicians, 
scientists and industrialists to search for alternative eco-friendly polymeric 
biomaterials. The urge of discovering new biomaterials concomitantly implemented 
innovative skills and modern knowledge to bring a radical shift in the existing 
technology, without impinging the ‘Mother Nature’. The synergistic approach to 
utilize renewable sources mostly thrown away as organic wastes by ‘microbial 
machineries’ for the production of ‘safer’ and ‘green’ chemicals has possibly 
garnered alarming attention in the domain of both biological and material sciences 
[1]. In lieu of this, the technological convergence of industrial evolution and 
biotechnology has already proven the sustainable viability of alternative approaches 
for the manufacture of green chemicals and biomaterials. Therefore, the paradigm of 
today’s research mostly focuses on developing improved technologies with robust 
microbial machineries for enhancing the yields and outreach to the consumers at 
cheaper costs, so that our society can make an absolute turn towards eco-friendly 
sustainable commodities. 

The concept of ‘biodegradability’ mostly explains the process and capacity to be 
broken down into simpler forms or products by the action of living entities, mostly 
microorganisms. The search for biodegradable polymers had led to the introduction 
of ‘biopolymers’. Lactic acid (LA) is one such green chemical, which can be 
obtained by chemical synthesis or by biotechnological processes via microbes 
[2]. The monomeric polymerization leads to the formation of poly-lactide (PLA). 
PLA is one of the highly acclaimed biopolymers, which has gained popularity for its 
biodegradable and bioabsorbable nature. PLA production from renewable sources 
showed a significant reduction in greenhouse gas emissions and fossil energy use, in 
comparison to petro-chemical-based polymers, and thus possibly reduces the threat



of global warming. The biocompatible behaviour of PLA makes it more attractive 
since it supports the concept of ‘Green Sustainable Society’. The induction of 
degraded products (CO2 and H2O) does not interfere in the process of wound healing 
or regeneration and thus complies with the criteria of an excellent biomaterial for 
tissue engineering. Although for the last few decades, LA productions have been 
attempted using lactic acid bacteria (LAB), but to further improve the production 
system and engross global market, strategies using ‘Fungal Machineries’ have now 
been employed. With the advent of science, the precision of the biotechnological 
process has also been pinching the brains of researchers for making process autom-
atization [3]. The present article is an attempt to explore the possibilities of the use of 
appropriate fungal machineries and metabolic engineering strategies adopting artifi-
cial intelligence (AI)-machine learning (ML) technology for improved LA produc-
tion, biochemical pathways and transport mechanism including downstream 
processing. Synthesis of PLA has also been attempted for its biotechnological 
applications. 
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8.2 Chemistry of Lactic Acid 

LA is an organic acid with a chemical formula of CH3CH(OH)CO2H. The Interna-
tional Union of Pure and Applied Chemistry (IUPAC) nomenclature for LA is 
2-hydroxypropanoic acid. LA is usually naturally produced by a variety of bacteria 
usually known as LAB [4]. The synthetic form of LA produced in industry also has 
high value owing to its use in the food industry as an acidity regulator. The weak 
acidity owes to the partial dissociation in water into H+ ion and H3C-CH(OH)-
COO- (lactate ion) radical along with its dissociation constant (Ka = 1.38 × 10-4 ). 
The LA in its pure form is colourless and hygroscopic. The conjugate base of LA is 
called lactate. LA being a chiral compound exhibits its optical nature of L and D 
isomers when subjected to light scattering. A mixture of two mirror forms of LA 
(L and D) in equal amounts constitutes the racemic LA. Its backbone is composed of 
a carbon chain with a central carbon or chiral carbon atom and two carbon atoms at 
the terminal with a hydroxyl group bonded with the chiral carbon. Terminal sole 
carbon forms the carboxyl functional group, and the other terminal carbon atom 
constitutes the methyl group [5]. D or L-LA is miscible with water and ethanol above 
its melting point (16, 17 or 18 °C) [6]. Basic physico-chemical characteristics of LA 
are summarized in Table 8.1. 

8.3 Production of Lactic Acid 

8.3.1 Microbes Involved in Fermentation 

Microorganisms play a crucial role in LA production. LA production majorly takes 
place using two sources, i.e. bacteria and fungi each having unique features 
[10]. Industrial fermentation of LA with bacteria is mainly carried out in SmF



(Submerged fermentation) mode. Fungal fermentation (with Rhizopus oryzae) has 
increased attention for the optically pure L (+)-LA production from a varied carbon 
source (starch, glucose and xylose) in SSF (solid-state fermentation) [11]. From the 
last few decades, LA production from LAB has been practised on a large scale in 
industries and also has outstanding contributions to the growth and practice of 
human civilization. LAB is a generalized term for a wide range of heterogeneous 
bacteria belonging to diverse taxonomy and morphological physiology, which are 
gram-positive, mostly non-spore-forming and metabolize carbohydrates to produce 
LA. In recent years, due to advancement in biotechnological methods, other than the 
use of wild strains of Lactobacillus, Pediococcus, Leuconostoc, Streptococcus, 
Carnobacterium, Aerococcus, Enterococcus, Tetragenococcus, Oenococcus, 
Weissella, Vagococcus and Bifidobacterium bacteria for LA production, genetically 
modified strains of bacteria such as Lactobacillus spp., Bacillus spp., Corynebacte-
rium glutamicum, E. coli, etc. are also used [12]. Fungal strains such as Aspergillus 
niger, Rhizopus spp., Mucor spp. and Monilia spp. and yeast strains such as 
Saccharomyces, Candida, Zygosaccharomyces and Pichia are used for LA produc-
tion. Fungal production of LA with the help of strains such as R. oryzae has shown 
improved yield of the desired product and thus has attracted great attention for 
industrial fermentation. This chapter mainly emphasizes on understanding the LA 
production using fungal strains. 
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Table 8.1 Physico-chemical characteristics of lactic acid [7–9] 

Characteristic parameter Description 

IUPAC name 2-Hydroxypropanoic acid 

Molecular mass 90.08 mol g-1 

Physical characteristic A colourless, viscous liquid with a slight yellowish tint 

Taste Milky acid taste 

Odour Odourless mostly, slightly pungent 

Boiling point 122 °C 

Melting point 17 °C 

Specific gravity 1.2 

Ka 1.38 * 10-4 

pKa 3.86 

Fungal members of the genera Monilia, Rhizopus and Mucor are the fungal 
sources intended for the production of LA [13]. R. oryzae among the Rhizopus 
fungi have been considered the most suitable LA-producing strain and thus consid-
ered as of great interest. The morphological description of R. oryzae defines it as a 
filamentous, heterothallic, fast-growing microfungus. Rhizopus strains show numer-
ous advantage as compared to bacterial fermentation such as low nutrient require-
ment, cheap downstream processing and further utilization of fungal biomass in the 
biosorption for contaminated effluent purification and fungal chitosan production 
[12, 14]. It can synthesize sole isomer L(+)LA from starch obtained from different 
source such as agro-residue, with their amylolytic enzyme activity. Also, the growth 
of the fungus is better under nitrogen-limited conditions. On the other hand, the main

https://en.wikipedia.org/wiki/Heterothallism
https://en.wikipedia.org/wiki/Microfungi


drawbacks of fungal fermentation are low yield of LA because of the formation of 
fumaric acid and ethanol as a by-product and also the need for vigorous aeration that 
is responsible for the increase in process cost [15]. To overcome the issue of low LA 
yield, metabolically engineered strains have been constructed. Later, we have 
discussed genetically modified strains showing high LA yield from a wide variety 
of starchy feed stocks. 
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8.3.2 Biochemical Pathways 

LA is a natural molecule present in plants, animals and microorganisms. The major 
production of LA takes place either through chemical synthesis from petroleum 
products or through the fermentation by microorganisms. The former one yields the 
racemic mixture of LA and is not specific to any of the optically pure forms, which 
adds burden to the purification process. The latter one can produce optically active 
LA and has the advantage of the utilization of sustainable resources, thus making the 
process environment friendly. Challenges faced for the production of LA using 
fungal machineries have been discussed in detail. The fungal mycelial layer has 
lower oxygen concentrations than the dissolved oxygen (DO) level in bulk liquid 
due to lower oxygen diffusion into the mycelial layer. Therefore, a high DO level 
(70–90%) is required to achieve the optimum productivity of LA. The highly 
branched complex structure of fungal mycelia causes rheological problems due to 
viscous broth, and hence agitation and aeration possess difficulty in conventional 
agitated tank (SmF) fermenters. To overcome this, two methods were employed: the 
immobilization technique and bioreactor design [14]. 

As discussed previously, the chemical production of LA using plant biomass-
based feedstock containing crystalline cellulose yields 60% of a racemic mixture of 
LA with lead as a catalyst [16, 17]. Whereas microbial fermentation is advantageous 
because of the availability of low-cost sustainable substrates and lesser energy 
utilization, as fermentation takes place at moderate temperature and does not require 
additional energy [16, 18]. LA fermentation has been broadly divided into homo 
(glycolysis and pentose phosphate pathway) and hetero (phosphoketolase pathway)-
lactic fermentations. Homo LA fermentation yields LA as only secondary metabo-
lite, but in the hetero LA method, along with lactate other products like aldehyde, 
ketone, alcohol and organic acids are also produced [19]. Martinez et al. [4] stated 
that homo LA fermentation is a two-step process: Embden-Meyerhof-Parnas path-
way (transformation of glucose into pyruvic acid) comprises the first step, and the 
second step is the reduction of LA with the aid of reducing power, NADH. Other 
than LA produced under stress conditions, such as limitation of carbon source or 
availability of different carbon sources, high pH and low temperature, formic acid is 
also obtained upon mixed acid fermentation by the activity of the pyruvate-
formatelyase enzyme [16, 20]. Key enzymes in glycolysis include glucose-6-P 
isomerase, 6-phosphofructokinase and fructose bisphosphate aldolase. Substrate-
level phosphorylation generates pyruvate from GAP through LA dehydrogenase 
enzyme, and this pyruvate is reduced to LA along with NAD+ oxidation [21].
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Fig. 8.1 Schematic illustration of the consolidated LA production routes 

In pentose phosphate pathway, the 5-C ribulose-5P is produced from a combina-
tion of xylulose-5P and ribose-5P (two 5-C compounds) through 
6-phosphogluconate dehydrogenase. Transaldolase and transketolase catalyse the 
formation of sedoheptulose-7P + glyceraldehyde-3P (7 + 3-carbon) and erythrose-
4P + fructose-6P (4 + 6 carbon), respectively. Glucose degradation leads to the 
formation of glyceraldehyde 3-phosphate (to EMP pathway), acetyl-phosphate (eth-
anol production) and CO2. In this process, only a fraction of glucose is metabolized 
via the phosphoketolase (PK) pathway. This process uses the alternate pathway 
called pentose monophosphate pathway for converting 6-C sugars (hexoses) to 5-C 
sugars (pentoses) by phosphoketolase [22]. 

The biochemical production of LA involves the interconnections of various 
pathways that have been depicted schematically in Fig. 8.1. This schematic includes 
the biosynthesis of L-LA along with L-malic acid, fumaric acid and ethanol.



Pyruvate acts as a crossroad at the centre, and several key enzymes, including 
alcohol dehydrogenase (ADH), pyruvate decarboxylase (PDC), lactate dehydroge-
nase (LDH), pyruvate carboxylase (PC), malate dehydrogenase (MDH) and fuma-
rase, play an important role in the flux determination. These enzymes drive the 
biochemical reactions, subsequently determining the yield of the desired product and 
the number of ultimate by-products. Key enzymes in the pentose phosphate pathway 
include xylose reductase (XR), xylitol dehydrogenase (XDH) and xylulose kinase 
(XK). The products of PP pathway were further metabolized via the EMP 
pathway [14]. 
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There are no reports for fungal (wild strain)-derived LA production. A. niger 
co-cultivation with Lactobacillus sp. was used for LA production. Saccharification 
and depolymerization of carbohydrate polymers to fermentable sugars by fungal 
enzymes are used for the growth of bacteria [23–25]. Finally, to improve the 
production of LA and to avoid the ethanol or other by-product synthesis, inhibitors 
of alcohol dehydrogenase (ADH), 2,2,2-trifluoroethanol, are added to fermentation 
broth being reported as an effective ADH activity inhibitor [26]. 

8.3.3 Transport Mechanism 

To maintain intracellular pH homeostasis (pH 6–8), the microorganism may export 
the LA either by symport of lactide anion coupled with a proton or by uniport of LA 
(undissipated) [27]. Two components that maintain electrochemical gradient across 
the cell are pH gradient and electrochemical potential gradient. The importance of 
lactate transporter lies in two scenarios: importing lactate anion to utilize it as an 
energy source and exporting at a high cellular concentration of this molecule to avoid 
acid stress [28]. Weak acid transport systems are of two types: primary active 
transport system that uses free biochemical energy (e.g. transport by ATP Binding 
Cassette protein) and secondary transport system that uses an electrochemical 
gradient to transfer molecule (e.g. H+/anion antiport) [29, 30]. Most of the 
microorganisms used in industrial LA production are pH sensitive, and the constant 
addition of a neutralizing agent is essential. Therefore, understanding the LA 
transport system will help to develop a superior acid-tolerant strain. The first 
reported carboxylic acid transporter in yeast was Mae1, a tellurite resistance/ 
dicarboxylate transporter family member associated with malic acid transport 
[31]. Two lactate-anion transporters that have so far been characterized in fungi 
are Jen1 and Ady2. The overall transport mechanism of LA in fungi has been 
described in Fig. 8.2. 

8.3.3.1 Jen1 
It is one of the best-characterized monocarboxylate transporters which transport 
lactate, pyruvate, acetate, propionate and micronutrient selenite. It belongs to the 
major facilitator superfamily (MFS) and shares a common structural topology, 
i.e. organized into 12 transmembrane segments (TMS) (6 + 6 manner). The role of 
Jen1 gene for encoding the monocarboxylate lactate-proton symporter in



Saccharomyces cerevisiae was first reported in 1999 [32]. Initially, Jen1 was 
expected to have an importer function, but several studies suggested that Jen1 
overexpression led to higher LA production [33]. Therefore, Jen1 should have a 
bidirectional transport function. Although the crystal structure of ScJen1 has not yet 
been solved, but an in silico analysis (based on closed solved the structure of GlpT 
permease) showed that R188 (2-TMS) plays a critical role in step-wise relocation of 
the substrate in the protein pore [34]. Rational mutational study of JEN1 identified 
conserved amino acid sequence 379 NXX[S/T]HX[S/T]QDXXXT391 , in which 
replacement even with similar amino acid drastically reduced substrate specificity
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Fig. 8.2 Transport mechanism of LA in fungi. (a) Import of lactate in absence of glucose: Snf1 
kinase phosphorylates Mig1, and Mig1/Mig2 is transported to cytosol. Hap 2/3/4/5 complex along 
with Cat8 and Adr2 starts the transcription of JEN1 mRNA followed by the translation. Lactate 
anion is imported by Jen1 and Ady2 symporter. (b) Regulation of lactate transporter in lactate-
grown cells upon glucose addition: Rod1 is dephosphorylated by Reg1/Glc7 and released from 
14-3-3. Rsp5 directly binds free Rod1 and Rod1/Rsp5 mediates Jen1 internalization. 
Phosphorylated Mig1/Mig (by Reg1/Glc7) is imported into the nucleus and represses Jen1. 
Previously synthesized JEN1 mRNA transcript is degraded by Dhh1 helicase. Concurrently, 
glucose is imported by Hxt transporter. (c) Export of lactate: Glucose molecule is converted into 
lactate via EMP pathway. The concentration of lactate increases inside the cell. Jen1 and Ady2 
symporter export lactate to maintain cellular homeostasis



and transport capacity. Affinity for all substrates was reduced with Q386N substitu-
tion, whereas specific affinity for pyruvate was increased with Q386A substitution 
[35]. Till now, CaJen1 and CaJen2 are only two functionally characterized ScJen1 
orthologues in Candida albicans. Phylogenetic analysis of Jen-like sequence in 
several Candida spp. shown to be distributed in two clades: Clade A (containing 
functionally characterized monocarboxylate transporter CaJen1) and Clade B 
(containing functionally characterized dicarboxylate transporter CaJen2). It was 
assumed that Clade A comprises only monocarboxylate transporter and Clade B 
comprises only dicarboxylate transporter, but the substrate specificity of both clades 
was reported to be overlapping. Therefore, it may be possible that the ancestral 
transporter was able to transport both monocarboxylic and dicarboxylic acid 
[36]. Expression and regulation of Jen1 transporter are closely linked with a medium 
carbon source, i.e. expressed in medium containing LA, acetic acid and pyruvic acid 
but is repressed in glucose medium [32]. Mig1 and Mig2 are two important 
DNA-binding repressor proteins that regulate glucose-mediated Jen1 repression 
[37]. In phosphorylated form, these two proteins are inactive and remain in the 
cytoplasm. Another protein complex Reg1/Glc7 phosphatase (Reg1, regulatory unit, 
and Glc7, catalytic unit) dephosphorylates Mig1 and Mig2 transcription factor and is 
transported to the nucleus where it represses the Jen1 gene [38]. In presence of 
lactate, Snf1 kinase phosphorylates Mig1 and inactivates the repressor. Mig1 and 
Mig2 are translocated back to the cytoplasm, and Jen1 is derepressed. Transcrip-
tional activators Cat8, Adr1 and Hap2/3/4/5 complex upregulates Jen1 and other 
genes associated with non-fermentable carbon sources [28, 39, 40]. At the post-
transcriptional level, Jen1 mRNA is also regulated by glucose concentration. 5′-3′
mRNA decay is mediated by Dhh1 helicase and Pat1-Lsm decapping enhancer 
[41]. The post-translational level of Jen1 regulation is mediated via protein traffick-
ing and endocytosis. The addition of glucose to lactate-grown cells triggers Jen1 
endocytosis followed by vacuolar degradation. In presence of LA, Rod1 (an ART 
family trafficking adaptor) remains phosphorylated and attached to 14-3-3 protein. 
Upon glucose addition, Glc7/Reg1 phosphatase dephosphorylates Rod1 and 
detaches from 14-3-3 protein. This dephosphorylated Rod1 now becomes accessible 
to Rsp5 (an E3 ubiquitin ligase). Rod1/Rsp5 complex now ubiquitylates Jen1 at cell 
surface followed by internalization [42, 43]. Another alternate mechanism of Jen1 
internalization is mediated by α-arrestin Bul1 in response to prolonged growth in 
lactate [2].
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8.3.3.2 Ady2 
It is a member of Acetate Uptake Transporter (AceTr) family, originally identified in 
S. cerevisiae as an important gene for sporulation in acetate medium. Like Jen1,  it  
also works as a symporter of lactate and plays a vital role in acetate, propionate, 
formate and pyruvate transport [44, 45]. AceTr members share conserved motifs 
with NP(A/V/G)P(L/F/V)GL, (Y/F)G(X)FW and NPAPLGL(M/S) amino acid 
sequence is essential for substrate binding [46, 47]. Although its regulatory mecha-
nism is hardly understood, the role of Ady2 in LA transport is well documented. 
Laboratory evolution study on jen1Δ mutant in lactate medium showed single-



nucleotide changes in Ady2 gene. Insertion of this allele induced growth of jen1Δ
ady2Δ strain indicating the role of Ady2 gene for lactate transport [44]. Supporting 
this result, another study showed that constitutive expression of Ady2 resulted in a 
high concentration of external LA when glucose was available in the medium 
[48]. Another interesting study showed that single deletion of Jen1 or Ady2 doesn’t 
impact LA production in xylose medium by targeted double-deletion, suggesting a 
compensating regulation may exist for these two genes [49]. 
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8.3.4 Metabolic Engineering 

Metabolic engineering is a robust technology to rewrite cellular metabolism to 
optimize the production of desired metabolites. With the advancement of 
‘-omics’-based technologies, manipulation of biochemical pathways and integration 
of new de novo pathways in microbial cell factories have been successfully utilized 
to produce industrially essential biomolecules [50]. Classical metabolic engineering 
can be divided into two ways: evolutionary and rational. Evolutionary engineering 
mimics Darwinism evolution where microorganisms are encouraged to evolve at a 
much faster rate towards preferable characteristics. In this case, specific understand-
ing of microbial cell factories or metabolic processes is not required. Classical 
mutagenesis, shotgun mutagenesis, error-prone PCR-based mutagenesis and 
genome shuffling techniques are commonly used to introduce mutation either in 
the whole genome or specific gene to generate a mutant population. Then these 
populations are screened by high-throughput screening methods under a stress 
condition. On the other hand, rational engineering precisely alters pathways, and 
microbial cell factories’ details are prerequisites. It consists of four steps: learn 
(analyses all available ‘-omics’ data, computational biology simulation), design 
(designs a metabolic pathway), build (constructs the system and expression) and 
test (quantitative/qualitative performance checking and statistical calculations). 
Rational engineering of LA generally follows two patterns, i.e. pathway redirection 
and increased gene expression. Pathway redirection aims to tunnel all pyruvate for 
LA production by deleting competing pathways that use pyruvate to form unwanted 
metabolites. For example, ethanol is produced from pyruvate by pyruvate decarbox-
ylase (PDC) in yeast, but the pathway redirection strategy mutates PDC to flux all 
pyruvate for LA. Increased gene expression is an alternative way where the copy 
number of the desired genes is increased and placed under a suitable promoter. 
Heterologous gene expression probably is the most common approach for LA 
metabolic engineering. Saccharomyces cerevisiae is not a native producer of LA; 
hence, from various sources, lactate dehydrogenase has been isolated and expressed 
in yeast for efficacy testing [51, 52]. Compared to LAB, fungi are better acid-
tolerant, are less fastidious and produce optically pure LA. However, ME tools are 
still required to eliminate several limitations of wild strains like lower LA yield and 
by-product formation. Here we have discussed three major issues for LA production 
and its solution. A simplified diagram summarizing evolutionary and rational meta-
bolic engineering approach has been presented in Fig. 8.3.
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Fig. 8.3 Simplified depiction of metabolic engineering concepts for LA production. 
Abbreviations used: Pdc pyruvate decarboxylase, Adh alcohol dehydrogenase, Ldh lactate 
dehydrogenase 

8.3.4.1 Acid Tolerance 
Earlier studies have demonstrated low pH of the medium stunted the growth of 
Saccharomyces cerevisiae and reduced the yield of LA. According to the external 
pH, LA (pKa 3.86) will form lactate anion and proton. An influx of these protons 
may induce inevitable cellular stress like high turgor pressure, protein dysfunction or 
oxidative stress. To counter this situation, a lump sum amount of energy is depleted 
to export protons through H + -ATPase and efflux pumps, resulting in growth arrest 
[53, 54]. In commercial production, lime is continuously added to reduce acidity; 
however, this practice converts 90% LA into calcium lactate and generates gypsum 
as a by-product. Hence extra step of acid treatment is required to recover the product, 
and also gypsum disposal raises an environmental issue. Two monocarboxylate 
permeases Jen1 and Ady2 play a significant role in transporting short-chain mono-
carboxylic acids (lactate, pyruvate, formate, acetate and propionate) in S. cerevisiae. 
Constitutive expression of Jen1 or Ady2 along with lactate dehydrogenase (from 
L. casei)  in  S. cerevisiae W303-1A improved LA production [48]. Similarly, 
overexpression of Esbp6 – a mammalian monocarboxylate permease-like protein – 
showed strong resistance in acidic pH, and LA production increased by 20% [55]. A 
glycosyl phosphatidyl inositol-anchored membrane protein in Issatchenkia 
orientalis (IoGas1) exhibited a vital role in low pH and saline stress adaptation.



However, earlier studies suggested no significant role of Gas1 homolog protein 
when overexpressed in S. cerevisiae. But, recently overexpression of heterologous 
IoGas1 gene and disruption of alcohol dehydrogenase (adh5Δ, adh3Δ, adh4Δ) and 
glycerol-3-phosphate dehydrogenase (gpd1Δ, gpd2Δ) resulted in D-LA yield up to 
0.70 g/g at pH 3.58 [56]. Several transcription factors also have been modulated for 
better acid tolerance. Haa1 is a well-studied transcription factor that is known to 
efflux small acids via Tpo2 and Yro2 transporters. Overexpression of Haa1 in 
S. cerevisiae JHY5330 improved glucose uptake at acidic conditions and increased 
D-LA yield [57]. Zygosaccharomyces bailii is a food spoilage yeast and natural 
tolerance to low pH has also been engineered to further tune its characteristics. Ade2 
was deleted by PAN-ARS-based CRISPR-Cas9 system, and R. oryzae ldhA was 
introduced in the Pdc1 locus of the host. Engineered strain produced LA 35 g/L with 
a negligible amount of ethanol [58]. 
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8.3.4.2 Purity 
As yeast and other important fungal LA fermenters strongly produce alcohol from 
pyruvate, this severely affects LA purity. Pyruvate decarboxylase which catalyses 
the first step of this conversion has been projected as a suitable target. But complete 
inactivation results in stunted growth and needs to be supplemented by a C2 carbon 
source. Alcohol dehydrogenase is the second enzyme of ethanol formation that 
transforms acetaldehyde into ethanol. Deletion of adh has also been successful to 
some extent in reducing ethanol contamination in LA [59]. Poor growth of ethanol 
pathway mutants is due to redox disbalance. To support the growth of adh mutants, 
Song et al. [60] introduced bacterial acetaldehyde dehydrogenase to complement 
Ald/Acs pathway in yeast. The engineered strain harbouring heterologous acetyl-
CoA pathway produced appreciable LA (142 g/L) with minimal contamination. 
Zhong et al. [61] systematically modified D-Ldh expression step by step to produce 
highly pure D-LA. They started with S. cerevisiae TAMH strain which is a 
Pdc-deficient mutant host and screened different promoters and terminators for 
D-Ldh-containing cassettes. Integration of D-Ldh cassette into Ty1 element showed 
significant improvement. Furthermore, Jen1, Cyb2, Dld1 and Adh1 were deleted, 
and the final strain’s D-LA production reached 80 g/L. 

8.3.4.3 Carbon Source 
To reduce the production cost, raw material should be inexpensive and easy to 
ferment (without pre-treatment) with low contamination rate. Conventional use of 
corn and refined sugar as starting materials increased the production cost up to 70%. 
Therefore, various lignocellulosic feedstocks, woody biomass and food waste (from 
dairy like whey) are being explored to find a suitable substrate for LA fermentation. 
Yamada et al. [62] used methylotrophic Pichia pastoris to produce D-LA from 
methanol as a whole carbon source. They integrated a bacterial Ldh gene into the 
rDNA spacer region, and resultant strains (GS115/S8/Z3 and GS115/S16/Z3) pro-
duced an appreciable amount of D-LA. Alkaline-treated corncob residue containing 
a large amount of glucose and xylose may be a potential carbon source. 
Kluyveromyces marxianus was engineered in a multistep process: first Ldh from a



different source was expressed, then monocarboxylate permease Jen1 (from 
S. cerevisiae) and 6-phosphofructokinase (KmPfk) were overexpressed to increase 
LA permeation, and finally, Dld1 was disrupted to minimize LA utilization. Final 
strain YKX071 produced highly pure D-LA [63]. Woody biomass can be a good 
choice for microbial fermentation, but it contains lignin (15–35%) as a major 
component that prevents holocellulose breakdown and negatively affects LA pro-
duction [64]. Mori et al. [65] engineered white-rot lignin-degrading Phanerochaete 
sordida YK-624. Ldh gene from Bifidobacterium longum was introduced, and 
endogenous pdc gene was knocked down by RNA interference. Engineered strain 
is simultaneously dignified and fermented to produce LA. Few recent reports on 
application of metabolic engineering have been outlined in Table 8.2. 
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8.3.5 The Feedstock Used for Lactic Acid Production 

LA is the basic ingredient for different product formation in various sectors that 
includes pharmaceutical, cosmetic, food, agriculture and allied industries, and thus 
the demand for LA is high at all time. To combat the issue of a high rise in demand, 
the LA research group has focused on different alternatives such as the use of 
substrates that are considered as waste, cheap and easily available like dairy waste, 
agricultural waste, etc., by the use of genetically modified strains, catalyst and 
different mode of fermentation. In this section, the authors attempted to discuss 
different substrates being used for the production of LA. 

Traditionally, the production of LA is carried out using dairy waste such as whey, 
skim milk, paneer whey and others, glucose, lactose and starch waste such as potato, 
wheat, cassava, sorghum and rice from various sources. But with the increase in 
global demand, the dilemma of food vs fuel was highlighted which leads to an 
increase in production cost [25]. Therefore, for the synthesis of LA, the focus was 
shifted to less expensive raw materials. To generate a high quantity of LA at low 
cost, cheap raw materials, negligible amount of formation of by-products, high 
productivity and less contamination are mostly preferred, so that the cost for 
pre-treatment can be reduced. The use of fungal strains is considered as a new 
approach for the fermentation process other than the traditional bacterial strains. 
Table 8.3 shows the list of some feedstock that is used for the industrial-scale 
production of LA by the fungus [12]. 

8.3.6 Downstream Processing and Recovery 

The downstream process for separation and purification is an exceptionally impor-
tant method for the successful recovery of LA from the effluent. It determines the 
economic value of the LA to be used for several purposes such as food industries and 
pharmaceutical areas, etc. An upstream process when fastened with a suitable 
downstream process provides a more beneficial recovery of LA. Several separation 
techniques for efficient recovery have been proposed in various literature and
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Table 8.2 Few reports on enhanced LA production by metabolic engineering approach 

Problem
addressed 

Microorganism 
used 

Acid 
tolerance 

S. cerevisiae 
(host), 
L. casei (L-Ldh 
source) 

1. L. casei L-Ldh 
expressed in 
S. cerevisiae W303-
1A 
2. Jen1 and Ady2 
constitutively 
expressed 

1. Acid tolerance and 
yield increased 
2. Role of small acid 
transporter elucidated 

[48] 

S. cerevisiae 
(host), 
E. coli (Ldh 
source), 
I. orientalis 
(IoGas1 source) 

1. E. coli Ldh 
expressed in 
S. cerevisiae 
2. IoGas1 
overexpressed 
3. gpd1Δ, gpd2Δ, 
adh5Δ, adh3Δ, adh4Δ
mutated 

1. Acid tolerance and 
yield increased 
2. D-LA production 
92 g/L at pH 3.58 

[56] 

S. cerevisiae 
(host) 

L-Ldh from bovine 
and Esbp6 
overexpressed under 
TDH3 promoter 

20% increase in LA 
production (5.5 g/L) 
without a 
non-neutralizing 
agent 

[55] 

S. cerevisiae 
YPH499/dPdA3-
34/DLDH/1-18 
recombinant 
strain (host) 

1. Different stress 
tolerance transcription 
factors introduced by 
cocktail δ-integration 
technique and 
expression optimized 
2. PDR3 transcription 
factor (related to 
multi-drug resistance) 
overexpressed 

D-LA production (1.2 
times) and yield (1.6 
times) increased 
without a 
non-neutralizing 
agent 

[66] 

Purity S. cerevisiae 
TAMH (pdc-
deficient mutant 
host) 

1. 40 D-Ldh cassettes 
screened for best result 
2. Suitable promoter 
and terminator 
screened. D-Ldh 
cassette integrated into 
Ty1 TE 
4. jen1, cyb2, dld1 and 
adh1 deleted 

1. D-LA production 
of final strain YIP-J-
C-D-AI 80 g/L 
2. Optical purity 
99.9% 

[61] 

S. cerevisiae 
YPH499 (host), 
L. mesenteroides 
(D-Ldh source) 

1. In the first round of 
global ME, 
13 glycolysis genes 
were expressed and 
optimized. pdc1 and 
adh1were deleted 
3. In the second round, 
another 12 glycolysis-
related genes were 

Double engineered 
strain YPH499/ 
dPdA3–34/DLDH/ 
1–18 showed an 
impressive result 
1. Optical purity 
99.9% 
2. Average (of 20 
batch fermentation) 
production ~60 g/L in 

[67]



Strategy Outcome

again expressed and 20 hours
3. Very little ethanol
(0.064%) and
glycerol (0.026%)
produced

optimized

patents. The traditional downstream process produced precipitate in the form of 
calcium lactate which has to be re-acidified using a strong acid. This generated a 
large amount of gypsum, making the process unsustainable; also the separation cost 
was estimated to be 80% of production cost [69, 70]. This indicated an urgent 
requirement to adopt a downstream process that can produce LA more sustainably 
and economically feasible [71]. The LA being hydrophilic dimerizes with water, and 
it becomes unfeasible to obtain pure crystalline LA. This is due to the comparatively 
large variation in the boiling point of water and LA [72]. However, crystallization in 
the form of lactate salt after adsorption is feasible.
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Table 8.2 (continued)

Problem 
addressed 

Microorganism 
used Reference 

Carbon 
source 

P. pastoris (host), 
L. mesenteroides 
(LDH source) 

1. L. mesenteroides 
Ldh gene integrated 
into rDNA 
2. Post-transformation 
amplification 

1. D-LA produced 
from methanol as 
carbon source 
2. Highest production 
rate 3.48 g/L in 96 h 

[62] 

K. marxianus 
(host), B. subtilis 
(LDH source), 
S. cerevisiae 
(ScJEN1 source) 

1. Heterologous Ldh 
expressed 
2. ScJen1 and KmPfk 
overexpressed 
3. KmDld1 disrupted 

1. D-LA produced 
from corncob residue 
2. Highest 
productivity 103 g/L 
at 42 °C with 99.5% 
purity 

[63] 

S. cerevisiae SR8 
(host) containing 
S. stipitis Xyl1, 
Xyl2 and Xyl3 

1. Plasmid containing 
Cas9 introduced in the 
host 
2. Transformant 
selected 
3. PGK1p-LaLDH-
CYC1t amplified and 
introduced in host 
containing Cas9 

1. LA produced from 
spent coffee grounds 
2. Production rate— 
11.15 g/L after 24 h 
SSF fermentation in 
acid-pre-treated 
whole slurry 

[68] 

The classical downstream process involves several processes such as distillation, 
precipitation, solvent extraction, membrane separation (electrodialysis, reverse 
osmosis, ultrafiltration process), adsorption, ion exchange, hybrid short path evapo-
ration, etc. [73–75]. Precipitation, acidification, filtration, carbon adsorption, crys-
tallization and evaporation are some of the conventional processes of extraction, 
while reactive extraction and molecular distillation are the non-conventional pro-
cesses being used for efficient separation and recovery. The non-conventional 
approach has gained a huge attraction of researchers over a conventional process 
to obtain a more efficient, simpler and cheaper method of extraction. These processes



Organism Source Mode Time

provide efficient and purified LA yield but possess some disadvantages as well, such 
as high energy consumption, high-cost input, low solvent recovery, scale-up issues, 
product purity, etc. Table 8.4 demonstrates the advantages and disadvantages of 
these separation techniques [73]. 
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Table 8.3 Recent developments in the usage of feedstock for the production of LA [23] 

Lactic acid 
concentration 
(g/L) 

R. arrhizus 46.78 Animal feeds 
from Sophora 
flavescens 
residues 

Simultaneous 
saccharification and 
fermentation (SSF) 

48 h 

R. microsporus 105–119 Liquefied cassava 
starch 

Fed-batch fermentation – 

R. arrhizus 103.8 Waste potato 
starch 

Bubble column reactor 48 h 

Monascus 
ruber 

129–190 Glucose Fed-batch fermentation – 

R. arrhizus 68.8 Honeycomb 
matrix Bubble 
column 
bioreactor 

9 repeated batches 36 days 

A. niger 7.7 Glucose MM supplemented with 
different glucose 
concentrations (1–10 
percent) 

168 h 

R. arrhizus 
UMIP 4.77 

10 Wheat straw Simultaneous 
saccharification and 
fermentation (SSF) 

48 h 

R. oryzae 173.5 Tobacco waste 
water-extract and 
glucose 

Fed-batch fermentation 120 h 

R. oryzae 463.18 Cassava pulp Solid-state fermentation 
(SSF) 

144 h 

R. oryzae 75.28 Cassava pulp 
hydrolysates 

Immobilized cells in the 
static bed fermentor (batch 
mode) 

96 h 

R. oryzae 
NRRL 395 

49.1 Waste paper Solid-state fermentation 48 h 

R. oryzae 
GY18 

80.1 Sucrose Rotary shaker with 
agitation rate of 180 rpm 

48 h 

The recovery of LA from the fermentation broth is more complex, multistep and 
difficult than the fermentation process. The number of steps involved in processing 
also affects the quality and cost factor [76]. The first step in every downstream 
process is to increase the pH to 10–12 using Ca(OH)2 and temperature to 80–100 °C 
to disable the microorganism, degrade some of the remaining sugars, coagulate the



Advantages Disadvantages

protein and solubilize calcium lactate. Broth acidification is performed to convert 
lactate into LA, and another cation at pH below 3.86 as above this pH lactate exists in 
the form of salt. The LA can be separated from other compounds by extraction, ion 
exchange and precipitation. Martinez et al. [4] reported direct removal of LA without 
neutralization using membrane separation and adsorption. Furthermore, LA can be 
concentrated using evaporation, solvent extraction, distillation and crystallization 
process. The impurities such as sugar residues, acetic/formic acid, etc. can be 
eliminated by ion exchange and chromatography. 
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Table 8.4 Advantages and disadvantages of separation techniques [73] 

Separation 
techniques 

Molecular 
distillation 

– High purification rate 
– No solvent use 
– No further purification 
– Lower the risk of thermal 
decomposition (due to low evasion 
temperature and short residence time) 
– Environment-friendly process 

– High vacuum condition 
required 
– Difficult to scale up 

Precipitation – Simple operation process 
– Easy application at industrial scale 

– Generation of gypsum that 
requires landfill disposal 
– Low product purification rate 
– High reagent cost 
– High sulphuric acid 
consumption 
– Large amount of wastewater 
generated 

Solvent 
extraction or 
liquid-liquid 
extraction 

– Lower the risk of thermal 
decomposition 
– No gypsum generation 
– Flexibility with parameters and 
physical properties with minimum 
waste generation 

– Low product purity 
– Unfavourable distribution 
coefficient obtained by 
conventional extraction agents 
– High toxicity of extractants 
Extraction is regenerated by 
distillation and stripping (back-
extraction) 

Membrane 
separation 

High selectivity 
– High purification rate 
– Flexibility in large-scale production 
– Can be merged with conventional 
fermenters, reducing cost 

– High membrane cost 
– Difficult to scale up 
– Polarization issues 
– Membrane fouling issues 

Reactive 
distillation 

– Less energy consumption 
– High purification rate 
– Reaction and separation can be 
merged in the same apparatus 
– Reduced recycling cost 
– Significant reduction in catalyst 
amount required for the same degree of 
conversion 

– Complex process 
– Separation problem by the use 
of homogeneous catalyst 
– Corrosion issues 
– Specifically applied to 
reversible reaction in the liquid 
phase
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Nanofiltration combined with electrodialysis provides a suitable substitute for the 
multistep purification process of monomeric LA [77, 78]. Lee et al. [79] proposed 
the use of two-stage electrodialysis for recovery, and Kim and Moon [80] suggested 
the use of one-stage electrodialysis with two- or three-compartment water-splitting 
electrodialysis using a bipolar membrane [69]. However, two-stage electrodialysis 
was found to be more efficient and sustainable for lactate recovery from fermentation 
broth. Martins et al. [81] suggested hybrid short path evaporation or molecular 
distillation procedure for LA recovery and concentration. This process minimizes 
issues related to thermal decomposition by its short residual time and low evapora-
tion temperature. The use of high operating pressure and refining step reduces the 
process cost and makes the process technically feasible [82]. 

Ion exchange chromatography is also extensively used for the separation and 
successful recovery of pure form of LA. The appropriate selection of anion and 
cation exchanger makes this process more feasible for separation [4]. Luongo et al. 
[83] reported IRA-400 (strong) and IR-900 (strong) apt for the recovery of in situ 
LA. Sorption technology due to its low energy requirement, ease of regeneration and 
high selectivity is one of the competitive techniques for separation. The adsorption 
process is influenced by adsorbent properties (matrix, porosity, structure and func-
tional group); adsorbate, i.e. LA; and operating conditions (pH, temperature, contact 
time, etc.). Lee et al. [79] reported adsorption features of activated carbon and PVP 
(polyvinyl pyridine) resin for LA purification. 

8.3.7 Potential Pathways for Separation and Recovery 

Given the several downstream techniques for LA recovery, some potential pathways 
are being shown in Fig. 8.4. The Fig. 8.4a represent a continuous fermentation pro-
cess followed by adsorption on ion-exchange resin and desorption using methanol 
eluent. The major advantage of this process is high purity and recovery yield. The 
LA solution containing ethanol is further esterified with alcohol. The distillation of 
ester is followed by hydrolysis, yielding LA and alcohol by-products. Figure 8.4b 
demonstrates continuous fermentation coupled with reactive distillation, where the 
extract undergoes further re-extraction followed by esterification and hydrolysis. 
Reactive extraction and molecular distillation hold promising techniques to increase 
the concentration of LA [84, 85]. Figure 8.4c represents the classical calcium lactate 
process. Calcium hydroxide is the cheapest of the alkalis. However, this process is 
not confined to calcium hydroxides; several other alkalis such as carbonates and 
hydroxide of other alkali are also being used in several pieces of literature [9]. US 
Patent 6,384,276 [86] characterized the use of strong acid to liberate the free form of 
LA. Recovery via precipitation remains unprofitable in terms of environmental and 
economic aspects as it generates waste residues. Figure 8.4d represents ammonia as 
neutralizing agent where ammonia reacts with LA-forming ammonium acetate, 
thereby reducing the acidity of the broth. Ammonia acts as a nutrient for the 
microorganism in the fermentation process and thereby improves the production 
rate. The ammonium lactate formed is purified and concentrated using monopolar



and bipolar electrodialysis producing purified LA. Amide formation at a high 
temperature can reduce the efficacy of the process. Figure 8.4e represents the 
continuous acidification followed by esterification with alcohol to form an ester. 
Filachione et al. [87] suggested esterification for separation and purification where 
LA in the fermentation broth is esterified with alcohol and catalyst. This alcohol and 
catalyst can be further separated through distillation followed by hydrolysis to obtain 
pure LA, but this increases further the cost of the process due to the use of reactor 
followed by distillation [84]. This process provides optimum purity of the product 
without any waste generation. But the equipment cost and technical issues in 
handling fluid with inorganic compounds impart disadvantages to the process. 
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Fig. 8.4 Possible downstream pathway for separation and purification. (a) LA recovery using ion 
exchange process. (b) LA recovery using reactive extraction (c) Recovery by precipitation- classical 
calcium lactate process followed by esterification. (d) LA recovery by membrane; ammonium 
lactate process followed by electrodialysis. (e) LA recovery using solvent extraction; acidification 
and esterification 

In recent years, much research has been performed for cost-efficient recovery; 
still, a much more efficient and economically viable process is required for the finest 
industrial application as the LA production is still confined by the total production 
cost that is highly dependent on the downstream processes. Suitable USP may be 
adopted after the early identification of impurities to minimize the cost of DSP and 
the overall cost. Accordingly, the theoretical and experimental methods like 
components, unit operation and optimum conditions determine the development 
of DSP.
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8.4 Bioreactor Design for Lactic Acid Production 
and Scaling-up 

Both the selection of the best bioreactor and the operational settings are important for 
optimum LA recovery. Over the years, several configurations are used for fungal 
fermentation: stirred tank reactors, pneumatic reactors, membrane-combined 
bioreactors, expanded bed and drop column bioreactors, etc. These configurations 
over time have been modified to improve the productivity, yield and product titre 
[1, 88]. Stirred tank reactor has been widely used in the commercial fermentation 
process because of its capacity and industrial reliability [89]. Cultivation of filamen-
tous fungi in typically stirred tank bioreactor maintains homogenous mixing by 
increasing the agitation speed and also providing high aerobic conditions. The high 
agitation speed creates high shear stress leading to change in fungi morphology such 
as biomass formation and mycelial cell growth. The excessive biomass and mycelial 
growth makes the broth highly viscous; also the mycelia may cling inside the reactor 
wall, propellers and baffle and may also block the nozzle for aeration, further 
hindering the process. However, the immobilization of fungal cells came to light 
by several researchers for troubleshooting the issue [90, 91]. Immobilization was 
carried out by embedding with natural polymer or by adsorption on polymer support. 
This immobilization has been investigated with various carrier systems. This 
improved the stability of the process and also enhanced the enzymatic activity. 
Thongchul and Yang [92] reported rotating fibrous bed bioreactor (RFBB) to control 
fungal morphology and improve aeration rate that not only enhanced long-term LA 
production but also reduced the undesirable ethanol formation. 

Pneumatic reactor gained attention in LA production when compared to STR 
providing the advantage of low energy consumption and uncomplicated process. It 
includes Bubble Column Reactor (BCR) and Air Lift Reactor (ALR). Du et al. [93] 
used BCR to circumvent changes in morphology. Zhou et al. [94] utilized BCR for 
the fermentation process to obtain a high yield with an optimum hydrodynamic 
condition for biomass transfer. R. oryzae pellet can be easily formed by manipulating 
the initial spore concentration when cultivated in ALRs and BCRs [95, 96]. 

Silva and Yang [97] proposed a fibrous bed bioreactor (FBB) to integrate with 
biocatalyst immobilization. FBBs provide a simple and efficient design for both 
batch and fed-batch fermentation with immobilization support, but the appropriate 
selection is necessary to remove diffusion limitation between fermentation broth and 
cells [98, 99]. Chotisubha-Anandha et al. [100] used R. oryzae NRRL395 
immobilized on a cotton matrix in static FBB and found that aeration and agitation 
of bioreactor play an important role in LA productivity and R. oryzae morphology. 
The productivity, when compared to the non-immobilized stirred tank reactor, was 
found to be a maximum of 2.09 g L-1 h-1 . In a similar study on R. oryzae NRRL395 
by Pimtong et al. [101], maximum productivity with continuous and batch prepara-
tion was 0.72 g L-1 h-1 and 1.05 g L-1 h-1 , respectively. 

Packed-bed bioreactors (PBRs) are also utilized where biocatalysts are 
immobilized in the column in pellet or bead form. The fermentation broth is 
introduced to feed upon biocatalysts along with the support material [102]. The



most recent LA production in PBR was performed in the bioreactor system called 
‘The Multiferm’ multi-fixed-bed bioreactors [103]. The productivity in this bioreac-
tor was 1.5 g L-1 h-1 . However, only a few studies have been conducted using this 
reactor. Electrokinetic membrane electrodialysis coupled with fermentation within 
the bioreactor has also been used in strategies to regulate product inhibition. The 
electrokinetic bioreactor also has the potential benefit of direct use of hydroxyl ions 
formed by splitting of water to neutralize pH without any additional acid or base. The 
potential benefits of the bioreactor include relief of product inhibition and hence an 
increase in yield, plus separation and concentration of LA and direct use of hydroxyl 
ions produced by water splitting to neutralize pH without the requirement for 
additional acid or base. pH control is coupled to the power supply to enable LA to 
be removed as it is produced. 
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Another potential bioreactor aimed to improve LA production using membrane 
bioreactor (MBR). Dorr-Oliver Inc. first reported the crossflow membrane filtration 
in an activated sludge bioreactor [104, 105]. In this, the membrane is merged with a 
conventional fermenter allowing simultaneous production and effluent quality in the 
same unit. MBRs possess several advantages such as various modes of operation 
(batch, continuous, semi-continuous and immobilized) help to achieve a high level 
of separation and more purified end product and also enhance anaerobic fermenta-
tion of LA by reducing product inhibition. However, the MBR requires stable flux 
during filtration which can be controlled by inhibiting fouling. The flux stability can 
be achieved by adjusting the crossflow velocity (CFV) and/or transmembrane 
pressure (TMP) [104]. The physical and biological characteristics of feed such as 
morphology, viscosity, temperature and cell density can also be considered for the 
development of an efficient control strategy [106]. 

LA productivity can be increased by combining benefits of the multi-stage 
bioreactor, immobilized matrix with honeycomb structure (asterisk shaped) and 
membrane bioreactor [17]. The in situ product removal system combined with the 
reactor configuration not only enables continuous removal of inhibitory metabolites 
but also prevent product inhibition, minimizing toxicity and improving productivity 
[107, 108]. A multi-stage reactor can increase productivity and concentration of LA 
by partly separating the cell growth and production of LA. Kwon et al. [109] utilized 
a two-stage cell recycle bioreactor arranged in series with the L. rhamnosus culture 
and found successful productivity of 57 and 92 g/L of LA. Kulozik et al. [110] 
developed a seven-stage cascade cell cycle reactor. The LA productivity of 72 g/L 
was four times higher than the single-stage reactor. The ceramic (alumina) mem-
brane and polymer (polyacrylonitrile, polysulfone) [111–113] both can be used for 
the material of membrane bioreactor. The polymer membrane provides flexibility 
and low-cost production, whereas ceramic membrane provides more chemical and 
mechanical resistance than polymer membrane [114]. Membrane bioreactor usage 
eradicates the separate purification process, thereby reducing capital cost and plant 
footprint. The immobilization matrix can be constructed from stainless steel covered 
with cotton cloth in an asterisk shape. This honeycomb structure provides a large 
surface area, void volume and an improved oxygen transfer rate [17]. The bioreactor 
is equipped with a stainless steel plate containing ports for sampling, pH control, 
electrodes and an agitation shaft.



232 M. Das et al.

Process optimization and scale-up are the important factors to obtain high yield 
and pure product concentration [115]. It is essential to determine the factors (oxygen 
transfer rate (OTR), temperature, pH and inoculum) responsible for scaling up the 
fermentation system. Liu et al. [116] demonstrated that a lower OTR extends the 
time of fermentation due to limited oxygen supply suggesting the utilization of OTR 
as a measure for scale-up for L-LA product formation. Miura et al. [95] reported the 
significant effect of inoculum size on the LA production recommending the regula-
tion of mycelial pellet size by adjusting the initial concentration of spores to 106 

spores/mL in the pre-culture. They reported a pH of 6.5 to produce the highest 
production yield. In particular, during the microbial production of enzymes from 
fungi, pH control has important effects on spore formation, enzyme production and 
mycelial growth [117, 118]. The optimum temperature has also been proven to have 
a crucial role in cultural activity. Thus it is important to recognize optimum 
conditions to scale up the fungi fermentation process for LA production. 

Considering these important benefits of bioreactor design and scale-up process, 
most studies have been focused on the bioreactor design and the scaling-up process 
to ensure high product yield and meet the latest demand of the industrial application. 
A consolidated bioreactor design compiling several previously adopted bioreactors 
[17, 119–121] and theirs parts is presented in Fig. 8.5. To obtain a more efficient

Fig. 8.5 Demonstrate tentative bioreactor design with the increased surface area due to asterisk 
matrices for the cell immobilization to acquire high LA yield



product yield, an immobilization bioreactor system should be used for large-scale 
production.
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8.5 Overview of Polylactic Acid (PLA) and its Synthesis 
Methods 

8.5.1 PLA: A Green Polymer 

In the last several decades, the plastic industry has seen a sharp increase in produc-
tion and research because of its multidisciplinary application. Simultaneously exces-
sive use of plastics is also the leading cause of white pollution. Several economic and 
environmental issues arise from petroleum-based polymers, viz. crude oil price 
volatility, use of non-renewable resource and toxicity to ecosystem. All these 
concerns led to switch towards bioplastics. PLA is a thermostable, biodegradable 
aliphatic polyester composed of repeating subunits of 2-hydroxypropanoic acid. 
Compared to other biopolymers and synthetic polymers, PLA production offers 
several advantages, e.g.: 

I. Cheap and eco-friendly raw materials—its monomer can be obtained from 
simple microbial fermentation of agricultural biomass [122]. 

II. Energy-saving conversion of monomer to polymer—PLA can be synthesized 
with 25–50% less energy expenditure than petroleum-based polymers [123]. 

III. Biocompatibility—an exciting characteristic of PLA is that it doesn’t show any 
toxic or immunogenic response in local tissue, making it a suitable material for 
tissue engineering. 

IV. Modification—thermo-mechanical characteristics can be tuned as per require-
ment [124, 125]. 

With these potentialities to replace petroleum-based polymers, PLA has gained 
extensive attention in the last two decades, and European Commission also 
recognized bioplastic as an essential framework for a sustainable and circular 
economy [126, 127]. Currently, bioplastics contribute less than 1% of total plastic 
production, but the market revenue of PLA alone is expected to reach 5944.9 million 
USD by 2027 [128]. 

Low molecular weight PLA was first reported by Wallace Carothers (Dupont) 
almost a century ago, who synthesized it by heating LA under vacuum conditions. 
Later on, they were able to synthesize higher molecular weight PLA, and Vicryl 
(a PLA-polyglycolic acid blend) was first sold as a commercial product in 1974 
[129]. Being a chiral molecule, LA shows two enantiomers, i.e. D-LA and L-LA, 
and forms three different polymers, i.e. poly(L-LA), poly(D-LA) and poly (D, 
L-LA). Pure enantiomers show a higher melting temperature and faster crystalliza-
tion rate than the copolymer of D and L enantiomers. D-lactide confers a more 
crystalline structure with better thermal and mechanical properties, and 80–90% 
L-lactide blend is well accepted as good packaging material. The ratio of these two



enantiomers determines crystallinity and mechanical and thermal behaviour of the 
final product. Glass transition (Tg) is a critical parameter at which drastic change in 
polymer chain mobility takes place and material transits from glassy to rubbery state. 
Tg for PLA ranges between 40 and 60 °C, melting temperature (Tm) ranges between 
150 and 162 °C, and crystallization temperature (TC) is 125 °C. Like other 
non-Newtonian fluids, PLA above its melting temperature acts as a classic flexible 
chain polymer irrespective of optical compositions [130]. Mechanical and rheologi-
cal properties also vary depending upon the molecular weight and crystalline nature. 
Semi-crystalline PLA shows better mechanical characteristics; tensile module, 
3 GPa; tensile strength, 50–70 MPa; and flexible strength, 100 MPa. Another 
desirable property of any biopolymer is easy biodegradability, i.e. ‘if there is no 
biodegradability, there is also no gravity’. PLA shows good biodegradability (takes 
2–10 months) than synthetic plastics (takes at least several decades) in natural 
conditions. Life Cycle Assessment (LCA) indicates the environmental impact of a 
product starting from raw material to its recycling. Such cradle-to-gate study shows 
that each ton of PLA emits 1.8 tons less greenhouse gas (GHG) than oil-based 
plastic, and it is speculated that replacing the global plastic production chain with 
PLA will reduce 576 million tons of GHG [131, 132]. 
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8.5.2 Synthesis of Polylactic Acid 

PLA synthesis is a three-step process—LA production, formation of lactide inter-
mediate and polymerization to get the final product. Although the production of LA 
monomers from agricultural waste is a viable source, LA can also be produced 
chemically reacting acetaldehyde and hydrogen cyanide, followed by hydrolysis of 
lactonitrile, which is the product of the former reaction. Vinyl acetate or glycerol is 
also used as a precursor molecule to synthesize pure D- or L-LA and racemic mixture 
[133]. In the overall PLA production process, the synthesis of cyclic lactide is the 
energy-consuming part. Still, the literature report is limited to patent application and 
a few industrial protocols only. There are three major schemes for lactide synthesis. 
In ‘two-step synthesis of lactide’, LA oligomers are first produced from polycon-
densation at a vacuum condition and high temperature (130 °C). Then this 
prepolymer is subjected to depolymerization at 150–240 °C, which results in cyclic 
lactide. Several catalysts like Sn(Octate)2 and lead oxides are used to remove water 
smoothly and avoid the production of a racemic mixture [134]. The following option 
is ‘gas-phase synthesis of lactide’ where LA vapour is passed through a catalyst bed 
using inert gas as a carrier. Generally, oxide metals of groups III, IV, V and VIII are 
used as catalysts. This process offers minimum degradation and racemization, but 
the volumetric yield is meagre. The third option is the ‘one-step liquid-phase 
process’, where water is removed from liquid LA during a ring-closing reaction. 
Here catalyst like zeolites increases yields >80% and stereospecificity >99% 
[3, 134]. LA produced either from microbial fermentation or from chemical synthe-
sis is used to synthesize PLA of different molecular weights, but only high MW 
(>10,000 Da) PLA has industrial importance. Therefore, all approaches of PLA



production aim to maintain stereospecificity and high MW. There are three major 
routes, i.e. condensation polymerization, azeotropic dehydration condensation and 
ring-opening polymerization of lactide. 
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8.5.2.1 Condensation Polymerization 
Mitsui Chemicals Co. first successfully synthesized PLA by direct condensation 
polymerization in 1995 [133]. It is the least expensive path, but it rarely produces 
solvent-free high MW PLA. There are two different polycondensations—solution 
polycondensation and melt polycondensation. The overall process can be divided 
into two steps: first, under high vacuum and temperature, the equimolar concentra-
tion of hydroxyl and carboxyl group releases a water molecule and produces low to 
intermediate MW polymer. In the next step, coupling agents like isocyanates and 
epoxides extend the chain length. Moon et al. [135] suggested that the initial reaction 
system is highly polar, but polarity reduces significantly with the progress of the 
reaction. This polarity change directly affects catalyst activity. A by-product of this 
route lactide (generated by transesterification reaction) and remaining coupling 
agents causes severe issues in medical application. Flammable solvent 
tri-phosgene removes these catalysts and by-products effectively but increases the 
overall cost and also raises a safety concern [136]. Replacing conventional heating 
with microwave irradiation, Nagahata et al. produced a high MW PLA (16,000 g/ 
mol) within 30 min [137]. Another report by Cao et al. showed that microwave-
assisted heating of LA at 260 °C in the presence of solid super-acids (as a catalyst) 
generated a low MW PLA (2000 g/mol) within 60 min. Their study also shows that 
microwave-assisted heating uses 90% less energy than conventional heating 
[138]. Zahari et al. [139] also explored different power levels of microwaves for 
PLA polymerization and found that increasing microwave power causes mass loss. 
Overall microwave-assisted polycondensation is time- and energy-saving but 
deserves more attention to find an effective way to increase PLA MW. In Fig. 8.6 
we have schematically represented exploitation of microbes for LA production and 
routes of PLA production. 

8.5.2.2 Azeotropic Dehydration Condensation 
This is a direct method for high MW PLA synthesis without using any adjuvants. 
Here LA is first distilled in a vacuum condition and high temperature (130 °C) for 
2–3 h to remove excess water. Then after adding a catalyst and diphenyl ether, this 
reaction mixture is passed through a molecular sieve and was continuously recycled 
for 30–40 h at 130 °C followed by purification. This molecular sieve works as a 
drying agent to remove water from an organic solvent. Mitsui Chemicals first 
commercialized this process to generate a long-chain polymer at boiling temperature 
with aprotic solvent [133, 140]. Kim and Woo [141] azeotropically dehydrated LA 
and reported a high MW (33,000 g/mol) polymer. They used the different stannous 
compounds as catalysts and methoxybenzene as the solvent. Recently, Hadiantoro 
et al. [142] reported a dark grey colour PLA by the same process using xylene 
solvent and SnCl2 catalyst. Surplus catalyst from the final product is reduced to ppm 
scale by phosphoric acid treatment.
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Fig. 8.6 Microbial production of LA and its polymerization into PLA (Modified after Auras et al. 
[152]) 

8.5.2.3 Ring-Opening Polymerization 
ROP of lactide method is widely used in industrial production because of its 
reasonable control over optical selectivity and high MW PLA. The overall process 
is divided into three steps: polycondensation of LA, depolymerization of oligomer 
(pre-polymer) and ring-opening reaction [143]. This reaction is categorized into 
coordination insertion and ionic (cationic and anionic) depending on the reaction 
mechanism. In coordination insertion, the reaction proceeds with metal carboxylate 
and hydroxyl compounds (like alcohol, polyethene glycol). Nucleophilic alkoxide 
group on the metal centre first attack oxygen atom of lactide; this forms an interme-
diate similar to tetrahedral intermediate of carboxylic acid derivative interconversion 
reaction. Then this intermediate reforms into alkoxide, and a unit of lactide is 
incorporated in the polymer chain. Propagation continues until cleavage of the 
metal-alkoxide bond by termination reaction. Stannous octoate and complexes of 
Al, Mg, Zn, Ti and Ln metals work well to catalyse this reaction [133]. 

Generally, in cationic ROP, strong acids are used to open the lactide ring. 
Kricheldorf and Dunsing [144] explored a range of acids and found that triflic acid 
and methyl triflate can initiate polymerization effectively. Cationic ROP works by 
the activated monomer (AM) mechanism. Briefly, in this case, the initiator activates 
the monomer and opens a cyclic ring to form a lactyl alcohol intermediate. Next, this 
lactyl alcohol attacks a new protonated monomer; thereof, propagation of the chain 
continues. In terms of safety concerns, this process is superior because acid catalysts



are easily removable and have no issues of toxicity like metal catalysts. A moderate 
weight PLA was reported by Baśko and Kubisa [145] in a cationic ROP initiated by 
triflic acid. This reaction was run for 8 h at 120–160 °C using dichloromethane as 
solvent. An alternative reaction mechanism is the active chain end (ACE), where an 
oxygen atom of lactide monomer nucleophilically attacks an α-carbon of another 
monomer attached to an oxonium ion [146]. On the other hand, anionic ROP gained 
a little attention. A different range of bases has been explored, but only lithium-based 
complexes like LiCl and LiA1H4 have shown acceptable results. Anionic initiator 
nucleophilically attacks the carbonyl carbon of monomer and opens aryl bond. As a 
result, lithium alkoxide forms and thereof propagation of the reaction [147]. One 
drawback of the process is its side reaction and by-product formation. 
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Enzymatic ROP (e-ROP) is an eco-friendly and viable avenue for PLA synthesis. 
This approach is emerging in recent days because of its advantages like mild reaction 
environment, high stereospecificity, inexpensive and no toxicity issue [140]. Lipase 
has been used as a lactate polymerizing enzyme (LPE). The reaction mechanism is 
quite simple; lipase interacts with lactate and forms an enzyme-activated-monomer 
(EM) intermediate. In the subsequent step, a water molecule nucleophilically attacks 
the aryl carbon of EM intermediate, which initiates the polymerization. In propaga-
tion reaction, the terminal –OH group attacks a new EM resulting in the addition of a 
monomer in each step [148]. Zhao et al. [149] found that the use of low concentra-
tion of organic N, N-dimethylacetamide (DMA) or ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PF6]) shows the most promising 
result. Whulanza et al. [150] performed an e-ROP using Candida rugosa lipase 
(CRL) under different reaction temperatures (70, 90, 110 and 130 °C). The highest 
MW was recorded at 5428 g/mol with a 93% yield. Bukhari et al. [151] used 
immobilized Candida antarctica lipase B, and microwave-assisted heating was 
used to maintain a high temperature. However, studies on e-ROP are still at the 
primary stage. Research needs to be done to find out more efficient natural LPEs or 
tune existing enzymes for better performance. 

8.6 Artificial Intelligence (AI) Strategies for Production 
Optimization 

AI (soft computing) is a machine to view and provide solutions to the problem 
statement in the same way the field specialist does. AI employs awareness, alertness 
and apprehension. AI requires a smart piece of code mimicking human action of 
decision. AI results are consistent and can be documented for future use. It is not an 
independent working system on its own; it integrates the knowledge and reasoning 
gained in the past through technological applications, databases and environments. 
Artificial neural network (ANN), genetic algorithm (GA), particle swarm intelli-
gence (PSI) algorithm, firefly algorithm (FA) and Internet of Things (IoT) are few 
examples of artificial intelligence that are based on collective behaviour of elements 
in decentralized and self-organized systems. AI techniques used widely include but 
are not limited to neural networks, evolutionary computations, fuzzy logic, hybrid



systems, other data mining and machine learning procedures. The tools of AI 
include chaos theory, fractal analysis, expert (knowledge-based) systems, genetic 
algorithms and object-oriented programming. AI-based approaches have found 
various applications and opportunities in biotechnology, agriculture and food sci-
ence based research activities for multivariate optimization of real complex pro-
cesses [153]. In biological optimization process, AI-based optimization techniques 
are gradually getting popularity because of the wide diversity and non-linearity of 
the system. As biological system is a real complex system, AI-ML-based 
technologies are popularly been used to address the non-uniform or random iteration 
among the agents to provide an intelligent behaviour which is unknown to individual 
agents. This leads to a higher quality of decision-making, minimum amount of 
uncertainty and a high degree of accuracy in processing a problem using the 
experience and knowledge that has been accumulated during earlier operations. 
Because of the above-mentioned reasons, AI is widely adopted in most of the 
production and manufacturing industries to improve the quality of the product and 
to minimize error. Successful producers are those updating to the newer technology 
and employing state-of-the-art technology in their manufacturing [154]. It is a 
promising multidisciplinary research area and has been widely explored in all sorts 
of applications. 
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ANN is having peculiar neuron and neural network and uses mathematical 
modelling for the interconnections in the network. Training a computer program 
(ANN) to solve the problem statement involves feeding the experimental data into it 
as a training set followed by validation and evaluation of the performance of the 
ANN. Finally, after enough training and validation, the network is capable of 
calculating the output for the test data, provided the data should have a similar 
pattern of input used to train the network. The learning rate of the network depends 
on the coefficient of determination (R2 ) for the neural network, and other measures 
are also used to calculate the performance of the network [155].The learning process 
is of two types, batch learning and online learning. In batch, a training set is given to 
learn and then test data is fed to test a neural response. In online learning, the 
algorithm has to continuously predict while learning [156]. Node organization and 
establishing the type of correlation between them are called the architecture of 
network or network topology. Feed-forward, commonly used topology, is (unidirec-
tional from one layer to the next) regarded as an open-loop network since there are 
no feedback connections [157]. Recurrent architectures, another common network 
topology, have backward loops, and their output depends upon the previous outputs. 
Learning algorithms for ANN are of three types called reinforced, supervised and 
unsupervised algorithms [158]. Multilayer perceptrons (MLPs) are the most used 
neural networks. Radial-basis-function (RBF), recurrent networks and Kohonen 
self-organizing neural networks are a few other neural networks [154]. The applica-
tion of ANN in the optimization of process parameters and bioreactor configurations 
for LA production using fungi has very limited study. Since it is a new area of ANN 
application and needs more attention, it would be beneficial to discuss the method-
ology used in the few ANN-based studies reported for LA production which will 
provide an insight into the modelling.
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To predict the maximum specific growth rate of the ascomycetous fungus 
Monascus ruber in relation to temperature, pH and water activity, a RBF neural 
network was created and evaluated against a quadratic response surface model. The 
experimental data was used to test the RBF network and polynomial model. 
Although given its performance for unseen data, the RBF network delivered very 
acceptable predictions for the test data set. The most important of the three environ-
mental conditions for fungal growth was found to be temperature, followed by water 
activity and pH to a lesser amount. Neural network offers a different and more 
powerful way to represent microbial kinetic features and so might be beneficial in 
mycology prediction [159]. 

Ahmad et al. used ANN for culture condition optimization to predict yield of LA 
and total volatile fatty acid (VFA) production [160]. Here they grow indigenous 
microbiota on the pre-treated date pulp waste using batch and cyclic mode of 
operation for LA production. Process parameter optimization to improve the yield 
of LA and total VFAs production in both cyclic and batch fermentation is complex, 
hence attempting to achieve by using ANN for forecasting the optimum parameter. 
Enzymatic or non-enzymatic pre-treated samples along with batch or cyclic mode of 
fermentation, pH and hydraulic retention time (HRT) were the three input variables. 
Output variables were LA and total VFAs. Input layer contains pH (X1 = 4, 5, 6, 8), 
HRT (X2 = 2, 4, 6, 8, 10 days), pre-treated samples (X3 = enzymatic pre-treatment 
and non-enzymatic pre-treatment), including fermentation processes (batch mode 
and cyclic mode) as input factors were considered for optimization. Network output 
comprises LA concentration and total VFAs. The hidden layer comprises ten 
neurons with sigmoid activation function in a Levenberg-Marquardt 
backpropagation algorithm. Optimization resulted in LA and VFA concentration 
of 21.66 and 30.47 (g/L), respectively, in cyclic process with pH 6, using an 
enzymatically pre-treated sample, and 8 days of HRT at mesophilic condition. 
Another study by Lunelli et al. [161] in the real-time optimization of LA production 
from sucrose targeted to optimize the fermentation to avoid the inhibition on the 
growth of Lactobacillus plantarum by the end product (LA) and substrate (sucrose). 
In this study, a bioreactor model coupled with FORTRAN genetic algorithm (ver-
sion 1.7a) was developed by Carroll [162]. Tournament strategy is used for selection 
which allows selection of random pairs for mating with shuffling. Process kinetic 
parameters were determined using a mathematical model called Luedeking-Piret 
model for both growth- and non-growth-associated LA production. It is a real-time 
model for the continuous process. Hence, kinetic model parameters were calculated 
using GA from the experimental data. The estimated data were used to maximize LA 
production by achieving an optimal dilution rate. 

Neural networks for optically active-LA (L+) production by R. oryzae NRRL 
395 pellet form have been developed by Dulf et al. Their research aims to make the 
modelling of LA fermentation by R. oryzae NRRL 395 easy even for people who 
have no experience in any software and neural networks. This was made possible by 
the development of a user-friendly application (model name, Applicenta). Algorithm 
coded includes Quasi-Newton, Levenberg-Marquardt, Polak-Ribiere, Scaled Conju-
gate Gradient and Fletcher-Powell. This application helps to configure the



percentage of data to be split among training, validation and testing along with 
placeholder to capture several neurons and number of layers. The application 
development is based on MATLAB® version R2016a. This work has inspired the 
researcher to create an application for their field of work to simplify the optimization 
process [163]. These are few examples of ANN-based optimization of LA produc-
tion, and there are many avenues open in this research area using the above-
discussed other methods of AI. 
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For a complex problem, a better method of AI is needed. Utilizing two or more 
intelligent methods by combining them is called hybrid systems. A hybrid system of 
AI methods is more effective in solving problems than an individual method. With 
the help of an adaptive neuro-fuzzy interference system (ANFIS), the influence of 
water-silica slurry on polylactic acid (PLA) manufactured by fused deposition 
modelling (FDM) was investigated under various situations. Controllable factors 
include building orientation, layer thickness and slurry impact angle. The predictive 
factors were water weight growth, net weight gain and total weight gain. Different 
membership functions were used to train ANFIS, which was created in MATLAB 
software. The ANFIS model was created using three membership functions at each 
level of controllable factors. The Sugeno fuzzy model was used to create ANFIS 
fuzzy rules when a generalized bell membership function was adopted. The results 
show that the ANFIS model was capable of accurately assessing slurry erosion when 
compared to actual data. The ANFIS and experimental findings were nearly compa-
rable, with an average percentage error of less than 5.45–10.6 [164]. 

8.6.1 Machine Learning (ML) 

Machine learning finds application in management of big data analysis that is 
generated from different system biology processes (genomics and proteomics), 
where the application on computational biology and multilayer approaches emerges. 
Deep learning is an extended arm of machine learning process for handling huge 
data and its proper analysis; both the techniques are unparallel. ML is a 
sub-speciality of AI, and it is implemented for the development of methods and 
techniques which helps the computer to learn. Many techniques and methodologies 
were developed for ML [165]. To forecast the transformation of a particular product, 
ML techniques are employed to create a model for the connection between each 
product and its related reaction rules. Chemical reaction databases such as the 
Reaxys database, SPRESI database and SOS database can be used to collect training 
data. Because the training data comes from a chemical reaction database, it may be 
difficult to locate an appropriate enzyme for each reaction step in the projected route. 
The 3 N-Monte Carlo Tree Search (MCTS) is a deep neural network based frame-
work created by Segler (an approach which combines three different neural networks 
and MCTS), which is basically a chemical reaction rules-based retrosynthetic 
algorithm [166]. Biological system being a real complex system for optimization 
of multi-variate parameters and their proper interactions for maximization/minimi-
zation of product/process development, yield optimization, interaction between each



parameter and their impact on optimization process, AI-ML-based technology is 
being practised. LA being a microbial product, its further co-polymerization to PLA 
is being practised. For optimizing the yield of PLA and minimizing the residual 
unconverted LA, AI-ML-based technologies such as ANN, GA, PSO, etc. are being 
practised. 
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8.7 Applications of Polylactic Acid 

8.7.1 Medical Sector 

8.7.1.1 Tissue Engineering 
This is a state-of-the-art technology to restore the structure and integrity of damaged 
tissue using engineering principles. It starts from a porous scaffold of biomaterials 
supporting the growth of cells and degradation into nontoxic products after forming 
well-structured tissue. This scaffold should have surface topology for cell adhesion 
and migration. It should have the ability to diffuse nutrients and soluble factors and 
promote the formation of new tissues. PLA having excellent thermal processability, 
biocompatibility and biodegradability, is an attractive choice for tissue engineering. 
But few characteristics like brittleness, slow degradability and hydrophobic nature 
limit their use in the particular scenario only. But copolymerization with other 
polymers and composite synthesis have been successful in improving these 
properties [167]. PLA/beta-tricalcium phosphate (TCP) scaffolds were fabricated 
using rapid volume expansion phase separation techniques. This study showed that 
the porosity of dense PLA scaffolds was reduced in half, and torsional strength 
improved after embedding with TCP. Growth factors (VEGF and BMP2)-loaded 
PLA/β-TCP scaffolds showed 1.8-fold increased neovascularization in quadriceps 
muscle [168]. Another 3D porous scaffolds were fabricated using natural (collagen, 
chitosan) and synthetic (PLA mesh) biomaterials to regenerate articular cartilage. 
Here collagen/chitosan mimicked natural conditions, and PLA provided stiffness. 
Overall results suggested that collagen-PLA hybrid may be used for fabrication 
of innovative scaffolds for tissue engineering application [169]. Damage of menis-
cus tissue is one of the most common problems in orthopaedic science, but healing 
capacity is limited because of the avascular region. Gupta et al. [170] recently 
reported PLA and carbohydrate-based hydrogel for meniscal tissue regeneration. 
In another study efficacy of zeolite-nano-hydroxyapatite-blended poly-epsilon-
caprolactone/polylactide nanofibers was checked to revive dental tissues 
[171]. Overall, PLA-based scaffolds show a promising avenue for tissue 
engineering. 

8.7.1.2 Drug Delivery 
Ideal drug carrier aims to introduce the drug in targeted body parts, maintain drug 
concentration within therapeutic range and avoid side effects. PLA is one of the few 
FDA-approved polymers with minimum immunogenicity and can be fabricated 
according to the choice. Other commonly used drug carrier polymers are poly-



epsilon-caprolactone (PCL), poly(glycolic acid) (PGA) and poly(lactic-co-glycolic 
acid) (PLGA). PLA-based nanoparticles are extensively used because they can 
maintain a prolonged high concentration release of the drug at the local level. 
Dong and Feng [172] used a poly (D,L-lactide)/methoxy poly(ethylene glycol)-
polylactideblens to deliver paclitaxel, a commonly used antineoplastic drug. Their 
study showed MPEG/PLA nanoparticles released 99%, whereas pure PLA 
nanoparticles showed the slowest rate of 37% within 14 days. Electrospun fibres 
composed of PLA blends are innovative solutions for drug delivery because of their 
high surface to area ratio and high loading capacity. PolyLA/polybutylene adipate 
electrospun blend matrices were used to deliver teriflunomide (an anti-rheumatoid 
drug), and this study showed that higher PBAD concentration results in rapid 
degradation [173]. Anticancer drugs are also harmful to normal tissues, and the pH 
of tumour tissues is slightly lower than normal tissues. Here, a pH-sensitive drug 
release strategy may be a game changer. Yu et al. reported a pH-sensitive polymer-
drug conjugate (PDC) of polylactide-graft-doxorubicin (PLA-g-DOX). In vitro 
result on MCF-7 cell line showed better anticancer efficacy compared to original 
DOX.HCl [174]. A pH-dependent PLA/DOX/Fe3O4 sphere also showed good 
biocompatibility and promising in vitro results on the HeLa cell line. To synthesize 
this magnetic PLA sphere, Fe3O4 nanoparticles were prepared by co-precipitation 
with PLA and DOX, followed by coating with oleic acid [175]. Another report 
suggested that Y-shaped stereo-complexed micelle formed by copolymerization of 
folic acid-adamantane/β-cyclodextrin-b-[poly(D-lactide)]2 (FA-AD/CD-b-
(PDLA)2) and poly(2-dimethylaminoethyl methacrylate)-b-[poly(L-lactide)]2 
(PDMAEMA-b-(PLLA)2) can act as good nanocarrier [176]. PLA-based 
nanoparticles are also used as a non-viral vector system for gene delivery but with 
lower transfection efficacy and a short life span. Chen et al. [177] prepared a 
methoxypolyethylene glycol-PLA-chitosan (MePEG-PLA-CS) co-polymer 
nanoparticles which showed better transfection efficacy. In vivo results of 
MePEG-PLA-CS/DNA conjugate showed that it can withstand GI track of BALb/ 
c mice and promising gene expression. Three-dimensional (3D) printed micro-
needles are emerging as an alternate to transdermal drug delivery. Camović et al. 
[178] fabricated a PLA-based 3D printed microneedle and studied its ability to coat 
different drug formulations. 
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8.7.1.3 SARS-CoV2 Management 
3D printing technology was already in use, especially in medical science for 
customizable prototype generation. Vaňková et al. [179] reported a face mask 
made from PLA using the fused deposition modelling (FDM) technique. Their 
study clearly mentioned that the PLA face shield structure is sufficient enough to 
stop SARS-CoV-2 and other harmful microorganisms. Furthermore, these repeated 
use protective masks can be de-contaminated effectively with conventional surface 
sterilizing agents, and porosity remains unaffected by mechanical damage. Buluş 
et al. [180] reported a face mask prepared from PLA-activated charcoal 
(AC) nanofiber composites using the electrospinning technique. The filtration per-
formance of 10% PLA-8% AC composite was encouraging. Mass testing of the



population also plays a pivotal role in stopping the further spread of highly conta-
gious pathogens like SARS-CoV-2. A PLA-based swab was designed to collect 
nasopharyngeal samples from suspected patients to meet the increasing demand for 
testing kits. This cost-effective ($0.05 for each prototype swab) swab had shown 
sensitivity comparable to commercially available swabs [181]. 
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8.7.2 Non-medical Sector 

8.7.2.1 Packaging 
The biggest consumer of PLA is the food packaging industry. Danone is one of the 
first companies to adopt PLA for packaging. They launched a single-use ‘Eco Cup’ 
for yoghurt packaging in Germany, and Cargill Dow Polymers LLC provided PLA. 
Over the last decade, all around the globe, PLA is widely used for packaging short 
shelf-life foods like vegetables, fruits and meats. The barrier property 
(i.e. permeation of gas, moisture, and aroma) of a polymer determines its ability to 
maintain the aroma and freshness of food. Research suggested that a slight change 
of L:D concentration doesn’t affect much; instead, polymer crystallinity is firmly 
related to barrier properties [123]. The feasibility of PLA for semi-hard cheese has 
also been explored, and it was found that the transfer of volatile compounds from 
PLA to cheese was within an acceptable level. But slightly higher lipid oxidation 
was observed due to porosity [182]. Active food packaging is an innovative idea 
where packaging polymer releases active agents (antioxidants or antimicrobial 
compounds) to extend the product’s shelf-life. Lukic et al. [183] impregnated thymol 
and carvacrol on PLA/polycaprolactone films, showing good antioxidant activity 
against DPPH radicals (lasts for 1 month). Apart from just a packaging polymer, 
PLA is also projected as an antimicrobial film to control food pathogens in packaged 
consumables. For example, Jin and Zhang [119] incorporated nisin in PLA film and 
evaluated its antimicrobial effectiveness. Their data suggested that PLA/nisin film 
can effectively control Listeria monocytogenes, E. coli and Salmonella sp. Similarly, 
natural antimicrobial agent rosin was incorporated in PLA/PBAT (polybutylene 
adipate-co-terephthalate) composites using modified organoclay as compatibilizing 
agent. These bionanocomposites had shown good tensile strength and exhibited 
intense antimicrobial activity against Pseudomonas aeruginosa, Staphylococcus 
aureus and Candida albicans [184]. 

8.7.2.2 Agriculture 
PLA materials are also replacing traditional agricultural equipment made from 
synthetic plastics. Exclusion nets act as an alternative way to protect crops from 
pests and insects. But the surface of commercially available PLA mesh being less 
hydrophobic in nature allows water ingress and provides a favourable environment 
for fungal growth. Knoch et al. [185] modified the surface of commercially available 
PLA and 3D printed PLA mesh by two methods – solvent-free photoinitiated 
chemical vapour deposition (PICVD) and solvent-induced dip-dip-dry (DDD) 
method. DDD treatment increased hydrophobicity up to 96–143%, and water ingress



was significantly reduced. They also incorporated limonene in PLA mesh to repel 
insects and studied preliminary release kinetics. This study concluded that with 
reduced water ingress and intact mechanical strength, such surface-modified PLA 
mesh could be a part of Integrated Pest Management. Biodegradable mulches are 
also becoming part of the intelligent weed control strategy. Herbicide MCPA-PHBV 
was embedded on PBAT/PLA biofilm and was tested as mulch material to suppress 
broadleaf weeds with fava bean as a non-target crop. The result indicated that even 
1% MCPA concentration was sufficient to stop broadleaf weeds with negligible 
effect on non-target. But higher herbicide concentration significantly affected 
non-target. For example, 7.5% and 10% MCPA decreased the quantum yield of 
photosystem II [186]. But the use of such biodegradable mulches sometimes faces 
environmental concern issues. Souza et al. [187] investigated the eco-toxicological 
impact of PBAT film and confirmed no genotoxic potential by comet assay. 
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8.7.2.3 Textile 
PLA fibres share several common characteristics with commercial PET fibres, 
therefore gaining attention in textile industries also. But poor thermal and poor 
alkaline hydrolytic resistance is still a problem for PLA fibres. Jabbar et al. [188] 
prepared PLA/lyocell (PL) blend yarns and knitted fabric followed by a comparison 
with PET/cotton (PC) blend fabrics. Lyocell proportion raised higher tensile strength 
and bursting strength in the PL blend. Interestingly, air permeability was increased 
and water vapour resistance was decreased in the PL blend compared to its counter-
part. This characteristic can provide comfort in a hot and humid climate. A similar 
fabric was prepared from PLA/polyhydroxybutyrate-co-hydroxyvalerate 
(PLA/PHBV) filament yarns. These PLA/PHBV fabrics exhibited good air perme-
ability, pilling resistance and soft surface. Furthermore, materials showed antimicro-
bial activity against a few common pathogens, viz. S. aureus, C. albicans and 
Klebsiella pneumoniae [189]. 

8.8 Conclusions and Future Perspectives 

This chapter outlines the biotechnology and fermentative processes for fungal-
derived LA production. Due to widespread application of LA monomer and PLA 
in medical (tissue engineering, drug delivery and protection masks for SARs 
CoV-2.) and non-medical (agricultural, packaging and textile) sectors, its demand 
can’t be fulfilled by conventional process. Therefore, exploitation of fungal 
biomachineries to ferment eco-friendly and cost-effective materials like lignocellu-
losic biomass is gaining importance. Simultaneously, metabolic engineering is also 
utilized as an essential tool to enhance acid tolerance, purity and production yield of 
this biomolecule. The downstream processing of LA from the fermentation broth is 
another major component of the production cost. Here we have also highlighted the 
advancements in separation and purification techniques including filtration (micro-
and ultrafiltrations), membrane modification for electrodialysis (ED) and bipolar 
which are gaining industrial importance. The double-ED process is an amalgamation



of desalting and water splitting by bipolar membrane that has gained strong attention 
for purification and recovery of LA without salt waste generation. Esterification 
combined with pervaporation of blend of biosolvent has been used as a green solvent 
to make the process more sustainable and efficient. Hence, from a technological 
perspective, upgradation and unification of biochemical engineering, bioprocessing, 
polymer processing, advanced membrane separations and chemical catalysis have 
brought to light the much efficient technologies for LA production. We have 
summarized basic biochemistry and transport mechanism of LA, recent 
advancements in production of LA from non-conventional materials using fungi, 
downstream processing and finally integration of AI-ML-based techniques for 
further upregulation of production. However, support from governmental and regu-
latory policies and consumers are required to overcome the hurdles to bring out 
sustainable, eco-friendly and low-cost technologies for optimal production of LA. 
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Abstract 

The ascomycete genus Arthrinium (class, Sordariomycetes; family, 
Apiosporaceae) comprises approximately 88 species distributed worldwide. It 
has been reported as saprobes, plant pathogens and endophytes worldwide. It has 
been isolated from different terrestrial environments (e.g. soil, air, plants and 
marine ecosystems). Arthrinium is known to produce compounds like arthrichitin 
and arundifungin. Various classes of chemical compounds are produced by 
Arthrinium spp., including alkaloids, peptides, indoles, terpenes, terpenoid, cou-
marin, xanthone, pyrone and naphthol. Secondary metabolites derived from 
Arthrinium spp. display an extensive biological potential: antibacterial, antifun-
gal, anti-inflammatory, anticancer and antioxidants. The purpose of this review is 
to follow the metabolites reported from the genus Arthrinium and their biological 
activities. 
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9.1 Introduction 

The genus Arthrinium (division, Ascomycota; class, Sordariomycetes; family, 
Apiosporaceae) was first recorded over 200 years ago, with Arthrinium caricicola 
as a type species [1]. To date, this genus comprises of about 88 species distributed 
globally (Index Fungorum: http://www.indexfungorum.org). Arthrinium spp. were 
reported as saprobes, plant pathogens and endophytes worldwide. They are the 
inhabitants of terrestrial habitats (e.g. soil, air and plants) [2–4]. Arthrinium spp. 
are also inhabitants of marine environments (e.g. seawater, seaweed and sponges) 
[5–12]. Besides marine sponges and seaweed, they are also reported from the egg 
masses of sailfin sandfish [5, 8, 13]. Many Arthrinium spp. (e.g. A. arundinis, 
A. phaeospermum, A. rasikravindrae, A. sacchari and A. saccharicola) are the 
inhabitants of terrestrial as well as marine environments [4]. The genus Arthrinium 
is well-known to produce compounds like arthrichitin and arundifungin. Various 
groups of chemical compounds are produced by various Arthrinium species, includ-
ing alkaloids, peptides, indoles, terpenes, terpenoid, coumarin, xanthone, pyrone and 
naphthol. Secondary metabolites derived from Arthrinium spp. display a varied 
range of bioactive compounds with anticancer [14, 15], anti-inflammatory [16], 
antioxidant [17, 18], antibacterial [12, 19] and antifungal [20, 21] activities. The 
present review intends to highlight the bioactive metabolites reported from the genus 
Arthrinium and their biological activities. The specifications of bioactive compounds 
isolated from Arthrinium spp. with their biological potential are presented in 
Table 9.1. 

9.2 Bioactive Potential from Arthrinium 

The genus Arthrinium produces a large number of bioactive metabolites with various 
biological activities. Some of them have been reported here. 

9.2.1 Antifungal Compounds 

From Arthrinium phaeospermum (HIL Y-903022) occurring as an endophyte in an 
unidentified grass collected from Mulund (Mumbai, India), a novel cell wall active 
depsipeptide arthrichitin (1) (Fig. 9.1) has been isolated. Its structural features have 
been elucidated based on spectroscopic as well as chemical degradation studies. 
Serine, â-keto tryptophan, glutamic acid and 2,4-dimethyl-3-hydroxydodecanoic 
acid are all found in arthrichitin. Arthrichitin (1) exhibited poor antifungal activity 
against Candida sp., Trichophyton sp. and many plant pathogens. In vitro, 
arthrichitin (1) has caused morphological abnormalities in Botrytis cinerea. It has 
a fungicidal effect between 75% and 85% against infection caused by Pyricularia 
oryzae in rice and B. cinerea in cucumbers under greenhouse conditions at 
5000 ppm, respectively. It is also similar to nikkomycin Z, which binds as well as 
inhibits chitin synthases (Chs1 and Chs2) in C. albicans. Since it has poor in vitro

http://www.indexfungorum.org
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Fig. 9.1 Structural features of metabolites obtained from Arthrinium spp. (1–13)



activity to be employed in clinical studies, it needs further derivatization to improve 
the efficiency [21].
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A novel compound, named arundifungin (2) (Fig. 9.1), was purified from 
Arthrinium arundinis from Costa Rica. Arundifungin is a new class of inhibitors 
of glucan synthesis as it prevents normal polarized growth, which leads to short, 
stunted and highly branched hyphae with bipolar or vesicular tips, swollen germ 
tubes and balloon-like cells similar to the compound echinocandins. Arundifungin 
displayed antifungal activity against most of the Candida spp. assessed [e.g. 
C. albicans (CLY539), Candida albicans (MY1055), C. glabrata (MY1381), 
C. parapsilosis (MY1010), C. pseudotropicalis (MY2099), C. tropicalis 
(MY1012), C. tropicalis (MY1124) and C. krusei (CLY549)] with MIC ranging 
2–8 μg/ml. Compound (2) also showed inhibition of Aspergillus fumigatus with 
1 μg/ml, while it has very low activity against Cryptococcus spp. and an 
unencapsulated form (MY2062) of strains. However, the arundifungin did not 
show any antibacterial activity up to 64 μg/ml [20]. 

Arthrinic acid (3) (Fig. 9.1) was isolated from Arthrinium phaeospermum. Its 
structure was elucidated by the NMR spectroscopic studies as 
(6E,10E,14E,18E,20E)-2,3,5,9,13,17-hexahydroxy-20-(hydroxymethyl)-
14,16,18,22,24-pentamethylhexacosa-6,10,14,18,20-pentaenoic acid. It displayed 
broad-spectrum antifungal activity against different agricultural fungal target species 
(e.g. Botrytis cinerea, Diplodia pinea and Rhizopus stolonifera) with MIC of 50 μg/ 
ml [22]. 

Three new prenylated diphenyl ethers diorcinol M–O (4–6) together with previ-
ously reported known analogues (7–9) (Fig. 9.1) were purified from the leaf endo-
phytic fungus Arthrinium arundinis (TE-3) of tobacco (Nicotiana tabacum L.). 
Compounds (4) and (5) exhibited differential antifungal activity against Mucor 
hiemalis (MIC of 8 and 4 μg/mL, respectively). Compounds (8) as well as (9) 
displayed inhibition against Alternaria alternata (MIC of 8 μg/mL) [23]. 

9.2.2 Anticancer Activity 

From Arthrinium sp. isolated from marine sponges (Toyama Bay, Japan), (-)-
hexylitaconic acid (10) (Fig. 9.1) was extracted. The structure of this compound 
was elucidated using spectroscopic data, and ELISA technique demonstrated bind-
ing with p53-HDM2 (IC50, 50  μg/mL) [11]. 

From Arthrinium sp. obtained from the Mediterranean sponge (Geodia 
cydonium), five new diterpenoids arthrinins A–C (11–13) (Fig. 9.1) and D (14) 
and myrocin D (15) along with previously reported five known compounds myrocin 
A (16), norlichexanthone (17), anomalin A (18), decarboxycitrinone (19) and 
2,5-dimethyl-7-hydroxychromone (20) (Fig. 9.2) were obtained. Compound (17) 
showed anticancer activity against four cell lines (L5178Y, K562, A2780 and 
A2780 CisR) with IC50 1.16, 253.50, 68.2 and 74.0 μM, respectively. 

Compound anomalin A (18) displayed anticancer potential against cell line 
L5178Y with IC50 0.40 μM. Compounds (17 and 18) exhibited inhibitory activity



in vitro against three protein kinases (aurora-B, PIM1 and VEGF-R2) with IC50 

ranging from 0.3 to 11.7 μM, respectively. Compounds (18, 15 and 16) showed 
inhibition of sprouting of VEGF-A-dependent endothelial cells with IC50 1.8, 2.6 
and 3.7 μM, respectively, while the compound norlichexanthone (16) was 
inactive [14]. 
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Fig. 9.2 Structural features of metabolites obtained from Arthrinium spp. (14–28)



2
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From Arthrinium sacchari isolated from an unidentified marine sponge (Atami-
shi, Shizuoka Prefecture, Japan), three new diterpenes myrocin D (15), 
libertellenone E (21) and libertellenone F (22), another new isocoumarin 
decarboxyhydroxycitrinone (23), and earlier reported diterpenes myrocin A (16) 
and libertellenone C (24) with a known cytochalasin E (25) (Fig. 9.2) were purified. 
Compounds (16, 23–24) exhibited inhibitory action against HUVECs and HUAECs 
with IC50 between 7.6 and 68.7 μM. Compound (25) also showed inhibition against 
HUVECs and HUAECs with IC50 0.0114 and 0.0110 μM, respectively, while the 
positive control Ki8751 showed inhibition against HUVECs as well as HUAECs 
with IC50 1.0–2.0 μM [24]. 

From Arthrinium arundinis (ZSDS1-F3) associated with a sponge (Phakellia 
fusca), four new cytochalasins, arthriniumnins A–C (26–28) (Fig. 9.2) and D (29), 
and a new natural product, ketocytochalasin (30), along with known cytochalasin 
analogues, viz. cytochalasin K (31), cytochalasin Z16 (32), rosellichalasin (33), 
10-phenyl-[12]-cytochalasin Z16 (34) as well as cytochalasin Z17 (35) (Fig. 9.3) 
were identified. Compounds (31 and 34) displayed activity against cancer cell lines 
(K562, A549, Huh-7, H1975, MCF-7, U937, BGC823, HL60, Hela and MOLT-4) 
possessing IC50 range between 1.13 and 47.4 μM [25]. 

Compounds 3,4,5-trimethyl-6-methoxy-8-hydroxyisocoumarin named 
arthrinisocoumarin A (36), decarboxycitrinone (19), 4-hydroxy-17R-
methylincisterol (37), 4-hydroxy-3-methoxybenzoic acid (38), dibutyl phthalate 
(39), flemingipanic acid (40), indole-3-carboxy acid (41) (Fig. 9.3), ergosterol 
peroxide (42), p-hydroxybenzoic acid (43) and 4-hydroxybenzaldehyde (44) 
(Fig. 9.4) were purified from the endophytic fungus Arthrinium sp. (A092) isolated 
from Uvaria microcarpa. Compounds (37) were found active against SF-268 and 
MCF-7 cells with IC50 63.8 and 57.2 μM/L, respectively. Compound (42) exhibited 
cytotoxic potential against cell lines SF-268, MCF-7 and NCI-H460 with IC50 50.6, 
32.3 and 39.0 μM, respectively [26]. 

From A. arundinis (ZSDS1-F3) adapting an approach of one strain-many 
compounds, a new phenethyl 5-hydroxy-4-oxohexanoate (45) and five known 
compounds trans-(3R,4S)-(-)-4-hydroxymellein (46), cis-(3R,4R)-(-)-4-
hydroxymellein (47), R-(-)-5-hydroxymellein (48), decarboxycitrinone (19) and 
altechromone A (49) were purified (Fig. 9.4). Compounds (46 and 47) were active 
against many cancer cell lines (HeLa, DU145, U937 and HL60) with IC50 range 
from 3.8 to 41.1 μM [8]. 

Arthrinium sp. isolated from sponges yielded 2 new meroterpenoidal alcohols 
spiroarthrinols A (50) and B (51) along with 18 recognized compounds: griseofulvin 
(52) and its dechloroderivative (53), 7-hydroxy-2-(2- hydroxypropyl)-5-
methylchromone (54), emodin (55), chrysophanol (56), endocrocin (57) (Fig. 9.4), 
3,8-dihydroxy-6-methoxy-8-methylxanthone (58), norlichexanthone (59),  
(4-hydroxyphenyl)ethylacetate (60), 2-(4-hydroxyethyl) phenol (tyrosol) (61), 
phomonitroester (62), 3-nitropropionic acid (63), 3,4-dimethoxybenzoic acid (64), 
1:1 mixture of 3-phenylpropane-1,2-diol (65), 4-hydroxyphenylacetic acid (66), 
8-O-4 dehydrodiferulic acid (67),  3β,22-dihydroxylanosta-7,9(11),24-triene (68)



and dankasterone A (69) (Fig. 9.5). In an antiproliferative assay, compounds (50–69) 
did not show significant cytotoxicity against Caco-2 cell lines [5]. 
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Fig. 9.3 Structural features of metabolites obtained from Arthrinium spp. (29–41) 

From the endophytic Arthrinium arundinis (TE-3), prenylated diphenyl ether 
diorcinol N (5) together with known analogues (8–9) were purified. Compounds



(5, 8 and 9) showed an average cytotoxicity on the cell line THP-1 with IC50 40.2, 
28.3 and 25.9 μM, respectively [23]. Further, diorcinol N (5) exhibited anticancer 
potential against A3 cells with an IC50 16.31 μM. Transcriptome analysis revealed 
that diorcinol N (5) modulated the transcriptome of A3 cells. In total, 9340 genes 
with differential expression were found, among them 4378 downregulated as well as 
4962 upregulated genes responsible in the processes of autophagy, cell cycle and 
replication of DNA. Furthermore, it was shown that diorcinol N (5) induces 
autophagy, arrests the cell cycle in the G1 or S phase (through the pathways p21,
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Fig. 9.4 Structural features of metabolites obtained from Arthrinium spp. (42–57)



p27, TGF-β and the PI3K/Akt/mTOR) and downregulates autophagy- as well as cell 
cycle-related genes of A3 cells. Through labelling A3 cells (by acridine orange/ 
ethidium bromide, monodansylcadaverine and Hoechst 33,258) and using transmis-
sion electron microscopy, it has been apparent that the DN increased the
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Fig. 9.5 Structural features of metabolites obtained from Arthrinium spp. (58–73)



permeability of plasma membrane, vacuolation, structural disorganization and pro-
duction of autophagosome [15].
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Fig. 9.6 Structural features of metabolites obtained from Arthrinium spp. (74–86) 

Eight novel 4-hydroxy-2-pyridone alkaloids arthpyrones D–G (70–73) (Fig. 9.5) 
and arthpyrones H–K (70–77) with two identified analogues of apiosporamide (78) 
and arthpyrone B (79) (Fig. 9.6) were yielded from Arthrinium sp. (UJNMF0008) 
isolated from the deep sea. Compounds (70 and 71) with an ester functionally 
linking the pyridone as well as decalin moieties that were first reported among this



class of metabolites, whereas (72 and 73) incorporated a rare natural hexa- or tetra-
hydrobenzofuro[3,2-c]pyridin-3(2H)-one motif. Compound (78) was found active 
against U2OS and MG63 cell lines with IC50 19.3 and 11.7 μM, respectively [33]. It 
is reported that compound (78) prevented the proliferation by cell cycle arrest in the 
G0 or G1 phase, which leads to apoptosis of OS cells. Furthermore, inhibition of the 
PI3K/Akt signalling pathway as well as stimulation of the caspase-mediated apopto-
tic pathway [44] demonstrated its role in enhancing tumour cell apoptosis. 
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From Arthrinium sp. (5XNZ5-4) obtained from the digestive tissue of marine 
crabs (Zhairuoshan Island, Zhejiang Province, China), two new sesterterpenes, 
terpestacin B (80) and 21-hydroxyterpestacin (81), along with the similar known 
compound terpestacin (82) were derived. Compounds (80–82) did not show any 
antibacterial and cytotoxic activity [27]. 

Gentisyl alcohol (83) (Fig. 9.6) was purified from Arthrinium sp. associated with 
Sargassum fulvellum. Compound (83) suppresses propagation and induces cell death 
through DNA fragmentation in ES2 and OV90 cells. It was established in gentisyl 
alcohol-treated ovarian cancer cells, accumulation of sub-G1 cells as well as loss of 
mitochondrial membrane potential was by calcium deregulation. Gentisyl alcohol 
increased signal transduction in the MAPK and PI3K/AKT pathways [28]. 

From the grasshopper-associated Arthrinium sp. (NF2410), arthrianhydride A 
(84) and B (85), two novel 2-carboxymethyl-3-hexyl-maleic anhydride derivatives, 
along with three known compounds, (86) (Fig. 9.6) and (87, 88) (Fig. 9.7), were 
purified. Compounds (84) and (85) showed average inhibition against SHP2 and an 
inhibitory rate of 12.80 and 63.02%, respectively, when the concentration of 
compounds reached 30 μM [29]. 

A new 2,3-epoxy naphthoquinol (6R,7R,8R)-theissenone A (89) along with two 
recognized compounds (6S,7R,8R)-theissenone (90) and arthrinone (91) (Fig. 9.7) 
were purified from the mangrove endophytic fungus Arthrinium marii (M-211). 
Compound (89) possesses an oxatricyclo[5.4.0.03,5]undeca-trien-2-one skeleton. 
Compounds (89–91) displayed cytotoxic action on the H4IIE rat hepatoma cells 
with IC50 67.5, 46.6 and 13.4 μM, respectively [30]. 

From Arthrinium sp. (UJNMF0008A) isolated from the South China Sea, a novel 
pyridone alkaloid named arthpyrone L (92) (Fig. 9.7), a 4-hydroxy-2-pyridone 
alkaloid, was obtained. Compound (92) displayed antiproliferative activity against 
cell lines MG63, U2OS, A549, MCF-7 and MDA-MB-231 with IC50 values of 7.14, 
13.34, 17.56, 22.33 and 24.05 μM respectively. The positive control doxorubicin 
displayed activity on cell lines MG63, U2OS, A549, MCF-7 and MDA-MB-231 
with IC50 3.56, 11.17, 2.40, 1.94 and 2.93 nM, respectively. Compound (92) induces 
apoptosis in the cell line MG63, resulting in cell cycle arrest (G0/G1 phase). Besides, 
cell death was also caused by activation of the caspase-regulated apoptotic pathway 
as well as inhibition of the signalling pathway PI3K/Akt [31]. 

Two novel flavonoids 2,3,4,6,8-pentahydroxy-1-methylxanthone (93) and 
arthone C (94) (Fig. 9.7) were isolated from the deep-sea Arthrinium sp. and 
effectively scavenged ROS in vitro. Compounds (93 and 94) inhibited ox-LDL-
induced cell death and expression of adhesion factors in umbilical vein vascular



endothelial cells of humans (HUVECs). Mechanistic studies revealed that such 
compounds considerably inhibit the increase of ROS levels and induce nuclear 
translocation of NF-κB by ox-LDL. Compounds (93 and 94) were also known to 
activate the transfer of Nrf2 into nuclei and improve the expression of its down-
stream antioxidant gene (HO-1) by induction of phosphorylation of AKT in 
HUVECs. Interestingly, the AKT inhibitor (MK-2206 2HCl) or knockdown of
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Fig. 9.7 Structural features of metabolites obtained from Arthrinium spp. (87–98)



Nrf2 by RNA interference showed inhibitory to these compounds on ox-LDL-
induced cell death in HUVECs. Knockdown of Nrf2 terminated the impacts of the 
compounds on ox-LDL-induced increase of ROS quantity as well as the transloca-
tion of NF-κB into nuclei. It was reported that compounds (93 and 94) were also 
capable of protecting endothelial cells against ox-LDL-induced oxidative stress by 
triggering the pathway of AKT/Nrf2/HO-1 [32].
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Six undescribed cytochalasans, arundisins A–D (95–98) (Fig. 9.8) and arundisins 
E–F (99–100), and twelve known compounds (101–106) and (107–111) (Fig. 9.9) 
and ergosterol peroxide (42) were purified from Arthrinium arundinis DJ-13. 
Compounds (95 and 96) displayed cytotoxic action on the cell line MCF-7 with 
IC50 18.82 and 15.20 μM, respectively [19]. 

9.2.3 Antibacterial Activity 

New 4-hydroxy-2-pyridone alkaloids arthpyrones F–G (72–73) (Fig. 9.5) and 
arthpyrones H–I (74–75) and known analogues apiosporamide (78) (Fig. 9.6). 
were identified in Arthrinium sp. (UJNMF0008) isolated from the deep 
sea. Compounds (72–75, 78) displayed average to remarkable action on Mycobacte-
rium smegmatis and Staphylococcus aureus with IC50 range of 1.66 to 42.8 μM [33]. 

An undescribed cytochalasin and arundisins D and F (98, 100) (Fig. 9.8) were 
identified, from Arthrinium arundinis (DJ-13). Compound (100) showed significant 
antibacterial activity on Escherichia coli with MIC of 8.00 μg/mL (standard kana-
mycin showed MIC of 2.00 μg/mL), while arundisin D (98) showed mean antifungal 
activity on Candida albicans with MIC of 32.00 μg/mL (standard nystatin had MIC 
of 1.00 μg/mL) [19]. 

From the Arthrinium sp. isolated from the South China Sea, a novel griseofulvin 
derivative, (+)-5-chlorogriseofulvin (112), along with two known analogues griseo-
fulvin (113) and dechlorogriseofulvin (114) (Fig. 9.9) was identified. Compounds 
(112–114) showed poor action on Micrococcus luteus with MIC of 100 μM. Com-
pound (112) also displayed an average lethal effect on the brine shrimp (Artemia 
salina) with LC50 25 μg/mL [12]. 

9.2.4 Anti-inflammatory Activity 

From the Arthrinium sp. (ZSDS1-F3) isolated from sponges, a novel naphthalene 
derivative, 1,8-dihydroxynaphthol-1-O-α-l-rhamnopyranoside (115), along with a 
recognized α-dibenzopyrone, alternariol (116), and five known xanthones, 1,3,6-
trihydroxy-8-methylxanthone (117), 1,3,5,6-tetrahydroxy-8-methylxanthone (118), 
anomalins A (119) and B (120) and fischexanthone (121) (Fig. 9.9), were 
recognised. Compound (117) displayed average COX-2 inhibition, with IC50 12.2 
μM  [16].
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Fig. 9.8 Structural features of metabolites obtained from Arthrinium spp. (99–106)
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Fig. 9.9 Structural features of metabolites obtained from Arthrinium spp. (107–125)
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9.2.5 Antioxidant Activity 

From Arthrinium sp. (UJNMF0008) isolated from the deep sea, five novel chromone 
derivatives, arthones A–E (122–125) (Fig. 9.9) and arthone E (126), along with eight 
known biogenetically connected cometabolites AGI-B4 (127), 2,3,4,6,8-
pentahydroxy-1-methylxanthone (128), sydowinin A (129), sydowinin B (130), 
conioxanthone A (131), engyodontiumone B (132) and 8-hydroxy-3-
hydroxymethyl-9-oxo-9H-xanthene-1-carboxylic acid methyl ester (133) 
(Fig. 9.10) and 1,3,6-trihydroxy-8-methylxanthone (7) (120), were identified. 
Compounds (124 and 128) displayed potent antioxidant activity with IC50 of 16.9 
to 18.7 μM in assays of DPPH and ABTS radical scavenging [17]. 

Arthrinium sp. associated with the seaweed Sargassum fulvellum was the source 
of gentisyl alcohol (83), which displayed antioxidant activity with IC50 26.43 and 
28.74 μM, respectively, in assays ABTS and DPPH radical scavenging (positive 
control, ascorbic acid showed IC50 77.79 and 38.6 μM, respectively) [18]. 

9.2.6 Wormicidal Activity 

From endophytic Arthrinium sp., R-(-)-mellein (134) and cis-(3R,4R)-4-
hydroxymellein (135) were obtained. Compounds (134 and 135) caused the mortal-
ity of 100% of Schistosoma mansoni adult worms between 200 and 50 μg mL, 
respectively. An ultrastructure assessment showed that the tegument can be one of 
the targets of compounds (134) [34]. 

9.2.7 Some Other Compounds from Arthrinium spp. 

From A. arundinis (ZSDS1-F3), three new 4-hydroxy-2-pyridone alkaloids, 
arthpyrones A–C (136–138), along with the recognized pyridone alkaloid analogue 
N-hydroxyapiosporamide (139) (Fig. 9.10), were identified. Compounds (136 and 
137) with a 2-pyridone core with a decalin moiety connected through a carboxide 
bridge have a unique oxabicyclo[3.3.1]nonane ring system, which was infrequently 
discovered [35]. 

From endophytic Arthrinium phaeospermum (JS 0567), 2, 3, 6, 8-tetrahydroxy-
1-methylxanthone (140), 2, 3, 4, 6, 8-pentahydroxy-1-methylxanthone (141), 3, 4, 
6, 8-tetrahydroxy-1-methylxanthone (142), 3, 6, 8-trihydroxy-1-methylxanthone 
(143), 2, 4,2′,4′,6′-pentahydroxy-6-methylbenzophenone (144) and 5,7-di 
hydroxy-3-methylphthalide (145) (Fig. 9.10) were purified [48]. 

Four polyketides were purified from endophytic Arthrinium sp. (JS420) isolated 
from a halophyte (Suaeda japonica): tyrosol (61), (3R,4R)-(-)-4-hydroxymellein 
(146), (3R,4S)-(-)-4-hydroxymellein (147) and 1-phenyl-1,2-ethanediol (148) 
(Fig. 9.10) [36]. 

Arthrinium arundinis endophytic fungus associated with the leaves of 
Anoectochilus roxburghii was the source of a new xanthone, 2,8-dihydroxy-9-oxo-
9H-xanthene-6-carboxylic acid (149), and six compounds, 2,8-dihydroxy-1-



methoxycarbonyl-9-oxo-9H-xanthene-6-carboxylic acid (150), 8-hydroxy-3-
methyl-9-oxo-9H-xanthene-1-carboxylic acid methyl ether (151), 1,6-dihydroxy-3-
methoxy-8-methylxanthone (152), formoic acid A (153) (Fig. 9.11), 
decarboxycitrinone (19) and 1,3,6-trihydroxy-8-methylxanthone (120) [37]. 
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Fig. 9.10 Structural features of metabolites obtained from Arthrinium spp. (126–148) 

Morishita et al. [38] evaluated the use of plant hormone to activate silent 
polyketide biosynthesis in Arthrinium sacchari, a fungus isolated from spider.



Cytokinins 6-benzylaminopurine (BAP) and forchlorfenuron (FCF) stimulated the 
production of xanthone derivatives saccharomone A (154), a new engyodontiumone 
analogue 8-hydroxy-3-methyl-9-oxo9H-xanthene-1-carboxylic acid methyl ester 
(155), engyodontiumone H (156) and AGI-B4 (157). Production of 2-hexyl-3-
methylmaleic anhydride (158) (Fig. 9.11) was increased by BAP as well as FCF. 
The FCF significantly stimulated the production of bostrycin (159), an anthraqui-
none derivative [38]. Both aromatic polyketides might have been biosynthesized 
through emodin. In the Arthrinium sacchari draft genome, clusters having TE-less
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Fig. 9.11 Structural features of metabolites obtained from Arthrinium spp. (149–162)



NR-PKS and β-lactamase TE were recognized as emodin (55) biosynthetic genes 
with two candidate biosynthetic clusters of genes (anp161 and anp186). Transcrip-
tional studies showed that BAP stimulated the expression of anp161 gene cluster 
containing the Baeyer-Villiger oxidase, which is one of the key enzymes for the ring 
reconstruction of anthraquinone to a xanthone. Thus, the BAP-induced production 
of xanthone derivatives (154–157). The FCF stimulated the silent gene cluster 
anp186 as well as activated the biosynthesis of bostrycin (159) [38]. From 
Arthrinium phaeospermum, bostrycin (159) was reported by van Eijk [39].
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Fig. 9.12 Structural features of metabolites derived from Arthrinium spp. (163–168) 

From endophytic Arthrinium sp. (HS66) occurring in the stems of Isodon 
xerophilus, three arthrinins E–G (160–162) (Fig. 9.11) and three new 
sesquiterpenoids having a non-isoprenoid botryane skeleton were purified. Their



structures were determined by extensive spectroscopic techniques. In addition, 
structure of (160) was precisely established by X-ray diffraction, whereas (161 and 
162) were assessed through quantum chemical calculation of NMR data as well as 
ECD spectra [40]. 
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Four new polyketides with two arthrinic acid derivatives (163, 164), one phenolic 
derivative (165) and (S)-3-hydroxy-6-(2-hydroxypropyl)-5-methyl-2H-pyran-2-one 
(166) along with one methyl ester of arthrinic acid (167) (Fig. 9.12) were obtained 
from endophytic Arthrinium sp. associated with clam worm [41]. 

From the stroma of Shiraia bambusicola as well as Hypocrella bambusae, 
hypocrellin was purified, which is a natural 3,10-xylene-4,9-anthracene derivative 
with excellent photobiological activities. From endophytic Arthrinium sp. (AF-5) 
from tissues of bamboo, hypocrellin was obtained by incubation with 
S. bambusicola (GDMCC 60438). The yield of hypocrellin A (HA) (168) 
(Fig. 9.12) attained up to 66.75 mg/g carbon source on 84 hr. co-cultivation of the 
dual strains. It was a fourfold increase by the fermentation with S. bambusicola. The 
microscopic observations showed that the mycelia of the two strains were 
intertwined with each other to form the mycelium pellets during the co-cultivation. 
Moreover, the mycelium pellets of the co-culture showed a contracted and slightly 
damaged morphology. On the addition of H2O2 to the fermentation media, the 
production of HA (168) has been increased, which was up to 18.31% [42]. 

9.3 Biotransformation 

From an endophytic Arthrinium sp. (GE 1718) in Panax ginseng, a  β-glycosidase 
was produced by biotransformation of ginsenoside Rb1 to ginsenoside C-K. A 
β-glucosidase-producing endophytic Arthrinium sp. (GE 1718) hydrolysed the 
major ginsenosides Rb1 to minor ginsenoside C-K with ginsenoside 
Rb1 → ginsenoside and Rd → ginsenoside F2 → ginsenoside C-K metabolic 
pathways [43]. 

9.4 Conclusions 

The present review reveals the fact that different Arthrinium spp. possess immense 
chemical diversity as well as they are prolific producers of several value-added 
bioactive compounds. These metabolites belong to various classes like peptides, 
indoles, terpenes, terpenoids, coumarin, xanthone, pyrone and naphthol. The 
metabolites obtained from this fungus display an extensive range of biological 
properties (antibacterial, antifungal, anticancer, anti-inflammatory, antioxidant and 
vermicidal activities). Some compounds, such as arthrichitin and arundifungin, can 
be potential candidates for further development that includes in vitro and in vivo 
studies against a large number of pathogens, chemical modification and mode of 
action. Other compounds like diorcinol N (5), apiosporamide (78), arthpyrone L (92) 
and 2,3,4,6,8-pentahydroxy-1-methylxanthone (93) as well as arthone C (94)



displayed anticancer activity that needs to be investigated further. We have reported 
170 compounds, with a large number of these compounds having not been assessed 
for any of their biological activities. Since this fungus has been reported from various 
habitats, extensive work is needed to isolate this fungus from extreme environments. 
Whole-genome sequencing is necessary for the assessment of their production of 
novel compounds. There are some reports on the whole-genome sequence of 
Arthrinium sp. [45, 46]. Molecular approaches for yield impovement of omphalotin 
was done by the transfer of biosynthetic gene clusters to a appropriate vactor. 
Another approach for producing innovative compounds from Arthrinium is the use 
of precursors of biosynthetic pathways in the culture medium, which may lead to the 
production of several metabolites through the speedup of biosynthetic pathways 
[47]. Bioactive metabolites from Arthrinium opened up ample opportunities to 
explore novel compounds as well as different chemical skeletons that may serve as 
structural prototypes in order to enforce directed therapeutic compounds. 
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Wide Range Applications of Fungal 
Pigments in Textile Dyeing 10 
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Abstract 

The textile industry makes extensive use of synthetic, non-renewable colors. 
However, using these synthetic pigments causes the release of toxic and hazard-
ous substances into the environment. It is a difficult task to find new pigments 
made from natural materials, yet doing so opens up safer textile coloring methods. 
A lot of attention has been paid to microbial pigments lately, particularly fungal 
pigments because of how safe and inexpensive they are. The sustainable manu-
facture and biodegradable properties of fungi-derived pigments are further 
benefits of their use. Fungal pigments have the potential to be used in a variety 
of applications, including textile colorants. A potential remedy for the hazardous 
side effects of synthetic pigments will be the industrial application of novel 
biotechnological techniques for the synthesis of fungal pigmentation. 
Carotenoids, flavins, indigo, melanins, monastics, phenazines, quinones, and 
violacein are some of the most promising fungal pigments. The numerous fungal 
pigments and how they are used to dye textile fibers are covered in this chapter. 
This chapter also emphasizes how fungal pigments will likely be used in a variety 
of biotechnological applications in the future. 
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10.1 Introduction 

A dye is a colored substance that adheres well to the surface it is applied. Natural 
colors are mostly derived from plant sources, including roots, berries, bark, leaves, 
and wood, as well as from animals and microbes. Natural dyes are less harmful to 
health, nontoxic, and non-polluting. Their antioxidant and antimicrobial properties 
also enhance their beneficial effects. The major goal of extracting colors from natural 
sources is to prevent the environmental risks that come with synthetic dyes, as well 
as the harmful and allergic reactions they might cause. These natural pigments have 
become a significant alternative to synthetic dyes. 

Numerous stable colors produced by microbes, including anthraquinones, 
carotenoids, flavonoids, quinines, and rubramines, are well-known (Fig. 10.1). As 
they create stable colorants, fungi are a more fascinating and environmentally 
friendly source of pigments. Numerous anthraquinone molecules, as well as 
pigments like delphinine, melanin, and volatile chemical compounds, which have 
been referred to as their secondary metabolites, are produced by fungi 
[1]. Eco-friendly and nontoxic dyes are increasingly in demand, particularly for 
textiles for children and food products. Microbes that produce natural colors are a 
feasible alternative to toxic synthetic dyes and natural vegetable dyes. Thus, a

Fig. 10.1 Structures of some popular fungal pigments



possible biological source of natural colors like anthraquinones is claimed to be 
fungi [2].
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Fungi are superior to plants as a source of pigments because they produce 
pigments all year round. In addition, fungi may grow more quickly and easily than 
plants, and they can be cultivated on less expensive culture media. In addition, it is 
possible to create pigments with a wide range of color hues and good solubility, 
stability, and hence processing ease [3–5]. Numerous fungi including Alternaria 
alternata, Aspergillus niger, Curvularia lunata, Hapalopilus nidulans, Boletopsis 
grisea, Hypomyces lactifluorum, Trichoderma virens, Monascus purpureus, Isaria 
farinosa, Emericella nidulans, Fusarium verticillioides, and Penicillium 
purpurogenum produce different shades of dyes and pigments as their intermediate 
metabolites [1]. In addition to the fungal pigments’ commercial use in the painting 
and textile industries, fungal pigments are also used in a variety of other industries, 
including the creation of red mold rice by Monascus pigments, which are thought to 
be the earliest fungal pigment used by humans [6]. A prospective, promising food 
colorant and food additive is the red pigment produced by M. ruber [7]. Penicillium 
oxalicum produces the pink-red Monascus pigments, Ashbya gossypii provides the 
riboflavin, and Blakeslea trispora secretes the β-carotene which are some examples 
of fungal pigments. 

As food colorants, fungi have previously entered and are still present on the 
market [8–10]. The usage of some fungal pigments as bioactive pigments with 
antimicrobial properties, on the other hand, is a wonderful application for them. 
Monascus, Fusarium, Alternaria, Talaromyces, Trichoderma, Thermomyces, Peni-
cillium, and Aspergillus species’ pigments exhibit antimicrobial properties against a 
variety of pathogenic bacteria, fungi, and yeast. Due to these properties, the pharma-
ceutical and food sectors nominate these pigments for use as food preservatives and 
antibacterial components (bandages, suture threads, and face masks) [11–19]. Similar 
to this, some fungal isolates, such as F. oxysporum, T. verruculosus, and 
Chaetomium spp., showed cytotoxic properties in their fungal pigments. Such 
activities have been evaluated using a variety of methods, including sour orange 
seed cell counting kit-8 (CCK-8) assay, brine shrimp lethality bioassay, or toxicity 
assay utilizing Saccharomyces cerevisiae [2, 20]. 

In the beauty industry, fungus pigments can also satisfy consumers’ demands for 
natural alternatives to synthetic colors. Melanin, carotenoids, and lycopene, among 
other fungal pigments, have been used in a variety of products, including lipsticks, 
anti-aging facials, face creams, skin conditioners, and sunscreens 
[8, 21]. Thermomyces spp. and P. purpurogenum pigments were harmless to Wistar 
rats, which raised the possibility of their use in cosmetics and dyeing [22]. Several 
fungus pigments, including carotenoids, violacein, and naphthoquinones, have anti-
oxidant properties. Sanghuangporus baumii, Stemphylium lycopersici, Penicillium 
miczynskii, P. purpurogenum, P. purpurascens, Fusarium sp., Thermomyces sp., 
Chaetomium sp., Trichoderma afroharzianum, and other Trichoderma spp. 
pigments are promising antioxidants that might be applied in the medical field 
[23–27].
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Numerous fungal pigments are also known to have anticancer and antitumor 
properties. Monascus purpureus and M. pilosus produce pigments like monascin, 
ankaflavin, monaphilone A–B, monasphilone A–C, monapilol A–D, and 
monapurone A–C that have been shown to have anticancer/antitumor potential 
against various cancers, including mouse skin carcinoma, human laryngeal carci-
noma, human hepatocellular carcinoma, human colon adenocarcinoma, and pulmo-
nary adenocarcinoma [28, 29]. Additionally, benzoquinone from Fusarium spp., 
norsolorinic acid from Aspergillus nidulans, shiraiarin from Shiraia bambusicola, 
and alterporriol K, alterporriol L, and alterporriol M from Alternaria spp., all exhibit 
anticancer, antitumor, or antiproliferative activity, particularly against human breast 
cancer cell lines (MCF-7, MDA-MB-435, and MCF-7 b). Also, hypocrellin D 
produced by Shiraia bambusicola shows anticancer activity against Bel-7721, 
A-549, and Anip-973 cancer cell lines [30–33]. 

10.2 Natural Pigments 

A significant substitute for possibly dangerous synthetic colors is a natural pigment. 
Due to many factors, including the industry’s suffering from the high cost of raw 
materials for eco-friendly pigments, the door has recently opened for alternative 
pigment products made from natural sources. On the other hand, the problems with 
synthetic food colorants, which are known to cause nutrient loss in food, cause many 
negative effects on consumers’ health, most notably types of cancer, abrupt mood 
swings, hyperactivity in children, DNA damage or genotoxicity, and attention-
deficit disorder; this is in addition to their negative effects on the environment 
[34]. Some naturally occurring red pigments, such as the plant-derived anthocyanins, 
cannot withstand high pH. Other colorants derived from plants or animals are not 
available all year and become unstable in the presence of heat and light [35]. As a 
result, there is a pressing need for microbiological natural colorants. According to 
reports, some microorganisms, including Paecilomyces, Monascus, Cordyceps, and 
Penicillium spp., generate colorants [36]. 

Due to the rapid growth of microorganisms, they can produce more microbial 
colorants than nontoxic eco-friendly substances [37]. A wide range of colors that are 
water-soluble is produced by microorganisms. The genus Penicillium is said to 
produce high-quality polyketide pigments [38]. One of the most well-known indus-
trial sectors in the world is the textile industry. This sector has been identified as one 
of the most polluting industries because it releases effluents that are contaminated 
with numerous pollutants, the most dangerous of which are colorants, which are also 
non-biodegradable [39]. 

The two main natural protein fibers used in the textile industry—wool and silk— 
have a sizable market share worldwide. They can be colored with acid and reactive 
dyestuffs due to the nature of their acidic and basic niches. Due to their capacity to 
create covalent bonds with wool and silk, sensitive dyes are typically utilized as 
colorants for both substrates [40]. On the global market, artificial colorants are 
available in a wide range of variety and at affordable prices. However, there are



numerous issues with their use in textile coloring, including skin allergies and 
irritation, hazardous chemical release during their synthesis, and, in certain 
instances, carcinogenic effects. 
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As a result, research on textile colorants has focused on finding alternatives to 
synthetic pigments. Microbial colorants are now in high demand on the market. 
Many researchers have used microbes to produce colorants by fungi like Monascus 
purpureus, Penicillium purpurogenum, Paecilomyces sinclairii, Cordyceps 
unilateralis, and others [41–43]. 

10.3 Ecology of Fungal Pigments 

All around the world, eukaryotic fungi are numerous and diverse. Fungi can be 
found in many different ecosystems from terrestrial areas to marine surroundings. 
Additionally, they can be found in a variety of habitats with a wide range of 
temperatures, from polar to tropical areas. There is a wide diversity of fungi that 
can be found, even in harsh conditions. When considered collectively, these 
circumstances enable fungi to create a wide range of new secondary metabolites 
[24]. Recent research has shown that fungal sources, including new pigments from 
marine settings, can produce a variety of unique compounds [44]. Marine microbial 
ecology has not been well-studied. More research is required to characterize marine 
microorganisms and their new metabolites because marine microbial ecology has not 
been adequately studied. On the other hand, due to the availability of various organic 
substances that encourage the development of numerous secondary metabolites, 
tropical ecosystems offer possible habitats for a diversity of fungi. According to 
earlier research, pigmented fungi are more tolerant to intense radiation and hydra-
tion/dehydration cycles than non-pigmented fungi. For instance, the melanin 
generated by some filamentous fungi has antioxidant properties that shield fungal 
structures and aid in survival in hostile conditions [45]. 

10.4 Fungal Pigments of Commercial Importance 

Filamentous fungi have demonstrated the ability to produce a variety of incredible 
colors. Since the majority of these fungal pigments are water-soluble, they have 
found use in numerous commercial sectors, most notably the textile dyeing industry. 
The simplicity of their scale-up manufacture in industrial fermenters and their 
extraction without organic solvents are further benefits for the fungal pigments. 
Synthetic colors are not biodegradable and non-renewable, and they pollute the 
environment with harmful waste. Because of this, disposing of the waste from the 
by-products of synthetic colors presents a hurdle. It is more cost-effective to produce 
microbial pigments using fermentation technology, which yields biodegradable 
substances with commercial uses as colorants [46, 47]. 

.
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Table 10.1 Fungal pigments and their application in the textile industry 

Fungi Pigment Color Fabrics References 

Alternaria alternata Anthraquinones Reddish-
brown 

Cotton Devi and 
Karuppan 
[50] 

Penicillium oxalicum Anthraquinones Arpink 
red 

Wool Sardaryan 
et al. [51] 

Chlorociboria 
aeruginosa 
Scytalidium 
cuboideum 
Scytalidium 
ganodermophthorum 

Quinones Green 
Red 
Yellow 

Bleached cotton, 
spun polyacrylic, 
spun polyamide, 
spun polyester, 
worsted wool 

Weber 
et al. [49] 

Aspergillus sp. Quinones Brown 
cotton 

Silk, silk cotton Devi and 
Karuppan 
[50] 

Acrostalagmus (NRC 
90) 
Alternaria alternata 
(NRC17) 
Alternaria sp. (NRC 
97) 
Aspergillus niger 
(NRC 95), 
Bisporomyces 
sp. (NRC 63) 

Quinones Brown 
Reddish-
brown 
Brown 
Brown 
Deep 
brown 

Wool Atalla et al. 
[52] 

Penicillium 
murcianum 

Carotenoids Yellow Wool Hernández 
et al. [53] 

Talaromyces australis 2, 4-Di-tert-
butylphenol 

Red Cotton fabric Shibila and 
Nanthini 
[54] 

Phoma herbarum Magenta pigment Magenta Nylon Chiba et al. 
[55] 

Talaromyces 
verruculosus 

Polyketide Red Cotton fabric Chadni 
et al. [56] 

Monascus purpureus Rubropunctamine Red Wool De Santis 
et al. [57] 

Carotenoids, flavins, melanins, monascins, phenazines, and quinones are a few 
examples of the commercially significant pigments that fungi generate [48]. Due to 
their nontoxicity and environmental friendliness, many fungal pigments have 
acquired popularity. For instance, Chlorociboria aeruginosa, Scytalidium 
ganodermophthorum, and Scytalidium cuboideum were used to identify three 
eco-friendly fungal pigments with the ability to dye textiles without the use of 
water or heat [49]. Over a duration of 1 week, the pigments exhibited no fading. 
However, further research is needed to comprehend how the colors interact with 
other elements like materials, stability (time, UV, wash and wear), skin sensitivity, 
and toxicity. Table 10.1 displays how fungi and their pigments are applied in the 
textile industry.
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10.5 Fungal Dyes for Textile Applications Including Cotton, 
Wool, and Silk Fabrics 

One of the sectors with the greatest impact on the economy and employment is the 
textile industry. Fungal pigments are extremely valuable in the textile industry, 
especially cotton and wool dyeing, due to their distinctive staining characteristics. 
The generation of biodegradable fungi pigments can be easily managed by 
modifying the necessary circumstances such that there are no seasonal variations 
[57]. However, due to inconsistent fixation and a lack of regulated procedures for 
applying fungal pigments in the textile industry, their qualities still fall short of the 
standards demanded by the sector [49, 58, 59]. It’s crucial to develop a suitable 
procedure for standardizing the use of fungal dyes in the sector. The textile industry 
has employed fungi pigments as a substitute for several hazardous or toxic synthetic 
colors due to their uniformity and stability [60]. The application of fungal pigments 
to fabrics is reported to absorb light in the ultraviolet area, shielding the skin from 
harmful UV radiation [61]. The potential of fungi-based pigments in the textile 
industry has been covered in many research [21, 62]. Fungi such as Aspergillus sp., 
Curvularia sp., Drechslera sp., and Trichoderma sp. are known to produce 
anthraquinones. Cynodontin was extracted from Curvularia lunata, and it produces 
two anthraquinone dyes which are similar to both Acid green 28 and Disperse blue 
7 [63]. It is interesting to note that anthraquinones produced by several fungi have 
been found to exhibit antibacterial properties. Additionally, Sclerotinia sp. produces 
anthraquinones which have a pink hue and are used to color cotton yarns. The yarns 
have shown promising resistance to a variety of environments, including heat, light, 
and different pH levels [64]. 

Alternaria alternata produced reddish-brown pigments, according to Devi and 
Karuppan [50]. These pigments demonstrated great colorfastness against rubbing 
and perspiration as well as efficiency in coloring cotton materials [50]. Velmurugan 
et al. evaluated other water-soluble fungal pigments produced by Emericella 
nidulans, Fusarium verticillioides, Isaria farinosa, Monascus purpureus, and Peni-
cillium purpurogenum, and these pigments were employed to color cotton fibers 
[65]. Numerous fungal pigments have been used to color wool such as water-soluble 
yellow and red pigments which are produced by P. murcianum and where the red 
dyes resemble pigments of the Monascus class [66, 67]. These two dyes have been 
discovered to have a preference for wool, and they have demonstrated durability 
under a variety of industrial circumstances since they can survive changes in 
temperature and pH. Table 10.2 contains a list of industrially manufactured and 
used fungi pigments. 

According to another study, Penicillium sp. produces ankaflavin (pigments of the 
Monascus type), which has a great affinity for wool due to its ionic nature [38, 68] 
(Fig. 10.2). Figure 10.3 illustrates how the response of the pigment made by 
Penicillium purpurogenum changes according to the materials tested. While viscose 
and polyester failed to absorb the dye, wool and silk absorbed dye well [38]. 

Anthraquinones derived from Fusarium oxysporum also showed excellent color 
fastness and high dye uptake, making them an ideal dye for wool



[69]. Anthraquinones also have the benefit of producing bright hue colors, and it is 
possible to modify them chemically to make the manufacturing of dye molecules 
simpler. According to Morales-Oyervides et al., Talaromyces sp. pigment has a 
utility in wool fabrics. In addition to demonstrating a high pigment uptake by wool
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Table 10.2 List of fungal pigments produced on an industrial scale 

Fungal species Pigments References 

Monascus species Ankaflavin (yellow), monascorubramine (red), 
rubropunctatin (orange) 

Caro et al. 
[8] 

Ophiocordyceps 
unilateralis 

Erythrostominone (red), 3,5,8-TMON (red) Caro et al. 
[8] 

Blakeslea trispora β-Carotene (yellow-orange), lycopene (red) Caro et al. 
[8] 

Ashbya gossypii Riboflavin (yellow) Caro et al. 
[8] 

Penicillium oxalicum Anthraquinone derivative (red), anthraquinones (red and 
other hues) 
Arpink red™, secalonic acid D (yellow) 

Caro et al. 
[8] 

Fig. 10.2 Different factors for optimization of red pigment production by Penicillium 
purpurogenum (These photos were taken by Dr. Waill A. Elkhateeb)



fabric, this study also demonstrated constant dyeing rates, half-time dyeing, and 
kinetic behaviors resembling those of natural dyes [70].
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Fig. 10.3 Effect of red pigment produced by Penicillium purpurogenum application on different 
fabrics (wool, silk, polyester, viscose). (This photo was taken by Dr. Waill A. Elkhateeb) 

Trichoderma sp. was used to produce a pigment that Gupta et al. extracted and 
examined for application in dyeing both silk and wool fibers. According to the 
findings, the Trichoderma sp. dye was safe to human skin; moreover, it 
demonstrated antimicrobial characteristics. Additionally, the findings indicated that 
due to wool’s superior fastness characteristics against rubbing and washing, it has a 
better affinity for dyeing than silk cloth [71]. Talaromyces pigment, another fungus 
with antimicrobial qualities, is nontoxic and might be employed as a substitute for 
the natural pigments used in the textile industry [55]. But more analysis of the 
interplay between dye and fabric is needed. According to Hinsch et al., several 
fungus pigments were recovered from decaying Canadian hardwood logs. These 
pigments included yellow pigment (from Scytalidium ganodermophthorum), 
draconin red (red pigment from Scytalidium cuboideum), and xylindein (green 
pigment obtained from Chlorociboria aeruginosa). Without the use of extra 
chemicals, the three pigments colored test strips for multiple fabrics [72]. Among 
these pigments, xylindein showed a good capacity to color textiles for clothing. 
Researchers have proposed using natural oils to transport colors from the three fungi 
(Chlorociboria sp., Scytalidium cuboideum, and Scytalidium ganodermophthorum) 
onto host substrate [73]. Applying these organic oils would help prevent environ-
mental damage and other health problems that come with utilizing the hazardous 
dichloromethane (DCM) to extract colorants, which is one of the main reasons why 
the commercialization of fungus-based pigments has been restricted [73]. A yellow 
pigment that has been utilized in textile dyeing was also discovered to be produced 
by Thermomyces species. The yellow pigment together with the natural mordants 
was found to inhibit the growth of many pathogens. Thus, this yellow pigment has



been employed in several medicinal applications, including bandages, masks, and 
wound dressings [74]. 
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10.6 Biotechnological Approaches for Improving Fungal 
Pigment Production 

Enhancing fungal pigment production and improving their yield have been achieved 
through genetic manipulation, where the pathways for pigment production and the 
various molecules included will be better understood. Also, molecular screening 
techniques can improve gene expression resulting in the production of novel 
metabolites. Additionally, pigment production can be enhanced via the optimization 
of the fermentation conditions for pigment production. It is difficult to use different 
microorganisms for pigment production at the commercial level today because of the 
increased industrial need for pigments (Fig. 10.4). 

Enhancing the production of fungal pigment requires the use of genetic engineer-
ing techniques such as gene cloning, genetic modification, and elimination of 
non-essential genes. For instance, Phycomyces blakesleeanus and Blakeslea 
trispora, two natural carotenogenic fungi, are presently cultured up to an industrial 
scale where 17 grams of β-carotene may be obtained per liter. Additionally, by using

Large scale pigment 

production 

Optimizing pigment 

production conditions 

Isolation of promising 

pigment producing Fungi 

Final pigment product after 

purification and extraction 

O 

Fig. 10.4 Schematic diagram for the fungal pigment production from lab scale to industrial scale. 
(These photos were taken by Dr. Waill A. Elkhateeb)



metabolic engineering approaches, numerous efforts have been conducted to estab-
lish the β-carotene biosynthetic pathway in non-carotenogenic strains. The studies 
showed that enhancing the dimethylallyl diphosphate (DMAPP) and isopentenyl 
diphosphate (IPP) precursors of the MVA or MEP pathways improved the produc-
tion of β-carotene and lycopene [75]. Fungal strains that generate polyketides are 
another illustration. Due to their dense and filamentous mycelial development, 
which raises the viscosity of the culture medium and reduces oxygen transport, 
these strains are difficult to cultivate in liquid fermentations. The fermentation 
procedure was made simpler by transferring the polyketide biosynthesis pathway 
using metabolic engineering techniques into an industrial strain of Saccharomyces 
cerevisiae that does not display dense filamentous growth [76]. As previously 
indicated, improving the fermentation conditions has a significant impact on the 
generation of secondary metabolites. Three pigments, citrinin, monacolin K, and red 
pigment, are produced by the Monascus genus of mold [77]. Numerous methods 
have been used to increase the production of the red pigment by reducing the 
formation of citrinin (mycotoxin). To reduce citrinin production, numerous 
parameters have been optimized, including temperature, pH, dissolved oxygen, 
carbon and nitrogen sources, and other genetic changes. Disruption of the polyketide 
synthase gene pksCT has successfully eliminated citrinin production in the industrial 
strain, Monascus purpureus SM001 [78].
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10.7 Challenges and Prospects for the Industrial Application 
of Fungal Pigments 

Because many synthetic textile dyes contain dioxins (polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans), which are known to cause cancer, 
researchers have been looking into safer, nontoxic alternatives. Fungal pigments 
offer a potential remedy for this issue. The customary and regional usage and the 
permitted applications of fungal pigments (J. Fungi 2020, 6, 68; 16 of 23) vary by 
country [48]. For instance, Mapari et al. [76] have received patents for the uses of 
Monascus-like pigments derived from Penicillium sp. on cotton, wool, textile, 
leather, etc. Additionally, certain efforts have been made to enhance the 
manufacturing of pigments as well as their stability and water solubility [76]. By 
promoting fungal growth and increasing the pigment’s accumulation inside cells, the 
production of this pigment has been boosted [79]. The challenge of raising both 
biomass output and pigment because they are negatively connected is the key issue 
that has yet to be solved. The findings show that genetic engineering methods can be 
used to regulate pigment production. The activity of the enzymes involved in the 
synthesis of carotenoids has been altered using recombinant DNA methods. 

The downsides of Monascus pigment are its poor resilience to heat, light, and pH, 
as well as its limited water solubility. This made it difficult to produce fungal 
pigments for use in industry. Dufossé’s study was used to overcome this problem 
by replacing oxygen with nitrogen from the amino group that exists in the pigment 
structure [9]. Another main problem faced in the commercial use of fungal pigments



is the co-production of toxic compounds together with the pigment. Most of the 
fungal pigments are produced in mixtures with other unfavorable compounds that 
may affect the pigment tone and toxicity. In this case, the challenge is to produce a 
single pigment product with one specific color tone. This can be done by adjusting 
the fermentation conditions, including the substrates, temperature, pH, and dissolved 
oxygen, whether in submerged fermentation or solid-state. Since many fungal 
metabolites are limited for their commercialization due to the production of 
mycotoxins together with pigments, toxicological tests are needed to ensure the 
final applications of the pigments in different products such as food, cosmetics, 
textiles, etc. There is also a need to develop fungal pigments at the industrial level by 
choosing suitable strains with safety measures. More attention should be directed to 
producing cost-effective fungal pigments on an industrial scale. Another important 
point is pigment stability over time and under various conditions. 
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The use of microbes for pigment production has advantages since it does not need 
petroleum-based raw materials which affects the pigment price. To meet the current 
demand for natural pigments, it is necessary to find more unique pigment-producing 
fungi from various taxonomic groupings. Therefore, additional qualitative and 
quantitative study on fungi with detrimental ecological effects is needed. To be 
accepted by customers, toxicological testing of highly potent fungal pigments must 
be completed. 

10.8 Conclusions 

Naturally synthesized pigments are important bioactive compounds that have a high 
level of market demand. Many scientists were interested in discovering natural dyes 
that were nontoxic and eco-friendly that came from renewable sources. Fungal 
pigments’ potential for industrial uses, particularly in textiles, has recently come 
under investigation. Numerous fungi have demonstrated their capacity to manufac-
ture a variety of harmless and biodegradable colors. Additionally, these fungal 
pigments have color stability that endures a range of environmental conditions, 
including varying temperatures, pH levels, washing, and wearing. The quantity 
and quality of fungal pigments have been improved using a variety of techniques 
in genetic engineering and biotechnology. However, more research is called for 
reducing toxicity and improving the quality of these colors to match commercial 
needs and gain approval to enter markets. 
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Abstract 

Wild and cultivated edible and medicinal mushrooms have long been known by 
humans as a source of valuable food and medicines in Asian and European 
countries. Currently, only a small fraction of estimated fungal biodiversity has 
been investigated for their bioactivities and medicinal properties, while 
mushrooms possess a potential in pharmacy, medicine, cosmetics and food 
industry. In the kingdom of fungi, mushrooms taxonomically belong to phyla 
Basidiomycota (class Agaricomycetes) and Ascomycota (class Pezizomycetes) of 
the subkingdom Dikarya. 

Boletus edulis and oyster mushrooms (Pleurotus species), are considered gourmet 
healthy food. Mushrooms (Ganoderma and Trametes species, Hericium 
erinaceus, Lentinula edodes, etc.) are also perspective sources for myco- phar-
macological research as source of bioactive molecules (alkaloids, lipids, 
phenolics, polysaccharides, proteins, steroids, terpenoids, etc.) with more than 
130 medicinal effects (anti-inflammatory, antimicrobial, antioxidant, antitumor, 
antiviral, cytotoxic, hepatoprotective, hypocholesterolaemic, hypoglycaemic, 
hypotensive, immunomodulatory, neuroprotective, etc.). There is scientific evi-
dence of using mushroom-derived biotech products as dietary food, 
pharmaceuticals, cosmeceuticals and other products available in the market. 
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The current review discusses recent advances in research on the biotechnolog-
ical potential of mushrooms to develop novel biotech products and perspectives 
for their applications in human welfare. 
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11.1 Introduction 

Basidiomycota and Ascomycota fungi (classes Agaricomycetes and Pezizomycetes) 
of the subkingdom Dikarya, which develop epigeal and hypogeal fruiting bodies or 
mushrooms, are known to mankind not only as valuable gourmet foods, but also for 
their medicinal significance. They are producers of different bioactive 
compounds (polysaccharides, terpenoids, phenolics, polyketides, alkaloids, lectins, 
proteins, steroids, etc.) with potential pharmacological effects (anti-inflammatory, 
antioxidant, anti-proliferative, antiviral, hypocholesterolaemic, hypoglycaemic, 
hypotensive, immunomodulatory, neuroprotective, wound-healing, etc.) [1–34]. 

Mushrooms have been used by Eastern and Western civilisations since ancient 
times (Fig. 11.1). Among agaricomycete fungi medicinal Ganoderma species pro-
duce the highest diversity of pharmacologically active compounds [8, 27, 34–49]. 

Fig. 11.1 Covered vase 
decorated with female figure 
holding Lingzhi fungus 
(Ganoderma lucidum). China, 
Qing Dynasty, 18th century, 
Worcester Art Museum, 
Massachusetts (from 
Wikimedia)
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The medicinal properties were reported in edible agaricomycete oyster 
mushrooms (Pleurotus cornucopiae, P. djamor, P. eryngii, P. giganteus, 
P. ostreatus, P. levis, P. pulmonarius, P. sajor-caju, P. tuber-regium). They are 
producers of diterpenoid eryngiolide A, polysaccharides and other biomolecules, 
particularly with hypoglycaemic, hypocholesterolaemic, neurotoxic and 
cardioprotective effects [5, 8, 9, 50–65]. 

Highly prized edible ascomycete hypogeal mushrooms are Tuber (the true 
truffles), Terfezia and Tirmania (the desert truffles) [66], as well as Morchella 
(true morels) species which develop epigeal ascomata [67–69]. These mushrooms 
are biotechnologically cultivated and have significant economic value due to their 
excellent gastronomic and medicinal properties [5, 17, 70–75]. 

Currently, the pathways of biosynthesis of bioactive molecules and the related 
genes are largely understudied. Recent data for identification of genes and gene 
clusters of bioactive molecules (terpenoids, phenolics, polyketides, cyclic peptides, 
aegerolysins, lectins, ribosome-inactivating proteins, etc.) in medicinal and edible 
mushrooms has been reviewed [27, 76]. Genes for pharmacologically active 
molecules are found in only a restricted number of fungal taxa and species. Some 
medicinal mushrooms probably have genes for a higher variety of bioactive 
compounds than species being commonly neglected for exploitation [27, 77–79]. 

Meanwhile, wild and cultivable, edible and medicinal mushrooms may be con-
sidered as valuable sources to develop different health-enhancing biotech products, 
such as pharmaceuticals, nutraceuticals and cosmeceuticals [10, 17, 71, 
80]. Advances in biology and biotechnological cultivation of selected taxonomic 
groups of edible and medicinal mushrooms will further assist in the production of 
novel mushroom-derived biotech products for human welfare. 

In this chapter, we have reviewed advancements on the bioactive compounds of 
wild and cultivated mushrooms, besides the new perspectives for exploiting them to 
produce new biotech products. 

11.2 Biotechnologically Important Edible and Medicinal 
Agaricomycete and Ascomycete Mushrooms 

In 2004, Boa [81] listed 2327 species of mushroom that were consumed or have 
medicinal properties. This number was subsequently increased by Li et al. [82] to  
2786 but warned that only 2006 could be considered as completely safe and only a 
few dozen are cultivated commercially. 

The most popular are the white button mushroom (Agaricus bisporus), paddy 
straw mushroom (Volvariella spp.), oyster mushroom (Pleurotus spp.), enokitake 
mushroom (Flammulina velutipes), wood ear mushroom (Auricularia spp.) and 
shiitake (Lentinula edodes) [83–85]. 

Many species are known to produce bioactive metabolites, but the number of 
species specifically cultivated for their medicinal values is limited to fewer than a 
dozen species of Ganoderma, Cordyceps militaris, Phellinus igniarius and Tremella



fuciformis, which are popular especially in Asian countries [17, Ian Hall and Wei 
Ping personal communication] (Figs. 11.2 and 11.3a). 
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Fig. 11.2 Medicinal mushrooms cultivated in China: Ganoderma leucocontextum cultivation, 
Wei-Ping shade house, Tibet Academy of Agriculture and Animal Science (a, b), Lhasa Konen 
factory producing Cordyceps militaris (c, d) (Ian Hall pictures) 

A majority of the commercially cultivated mushrooms are saprobic feeding on 
dead or decaying organic matter. Their cultivation can be achieved by inoculating 
their mycelium in an appropriate substrate and choosing the correct combination of 
humidity and temperature. The cultivation of edible ectomycorrhizal mushrooms 
(EEM) is more complicated because most of these fungi need to establish a symbi-
otic relationship with a suitable host plant to complete their life cycle [87]. 

Nevertheless, the difficulties and most of the efforts in developing new methods 
for mushroom cultivation are devoted to EEM for their economic interest. In fact, the 
most sought-after mushrooms are EEM, like truffles (Tuber spp.), porcini (Boletus 
edulis s. l.), chanterelles (Cantharellus cibarius) and the milk-cap fungus (Lactarius 
deliciosus) [5, 17, 66, 88]. 

11.2.1 Nutritional Value of Edible Mushrooms 

Edible mushrooms are regarded as an important food resource due to their high-
quality protein content [89, 90] and their nutritional properties as excellent sources 
of vitamins and minerals, for their low-fat content and the large amounts of dietary
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Fig. 11.3 Saprobic and ectomycorrhizal cultivated mushrooms: Ganoderma lucidum cultivated on 
agricultural wastes in the greenhouse of Bologna University (Federico Puliga picture) (a), 
Morchella cultivation in China (b), Lactarius deliciosus cultivation in New Zealand (Ian Hall 
picture) (c), Tuber borchii orchard in Bologna realized with plants inoculated with pure culture of 
mycelium (d), an ascoma found in the T. borchii orchard (e), a Tuber melanosporum ascoma found 
under a 3-year oak in South Africa (f)



fibre [17, 71, 91]. Although fresh mushrooms contain about 85–95% moisture 
content and only 3% of protein (from 19% to 37% of dry weight), they have a 
complete profile of essential amino acids, which can cover the requirements for 
adults [89].
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Mushrooms can be a substitute for animal proteins, and they are particularly 
important in undeveloped countries, where meat is a limited resource [92]. Moreover, 
the use of mushroom protein source is a good solution to health and animal welfare 
concerns that have arisen through traditional meat production and consumption 
[93]. They are also an ideal food for those committed to a vegan diet and those 
who need a source for vitamins D and B12, which are scarce or lacking in plant-
based diets [94, 95]. 

Many edible species contain also bioactive compounds, which have medicinal or 
cosmetic values (see Parts 3 and 4). 

The button mushroom (A. bisporus) and shiitake (L. edodes), which are very 
popular edible mushrooms, possess nutritional proprieties and pharmacological 
activities [53, 96, 97]. The multiple health benefits of mushrooms are increasing 
their consumption per capita which has increased 21-fold over the last 56 years [82]. 

Morels (Morchella spp.), which are worldwide appreciated for their unique 
flavour, have been used in traditional Chinese medicine (TCM) and Western phar-
macopeia for centuries, due to their health-related benefits [98]. Lactarius deliciosus 
is another excellent culinary mushroom with good nutritional proprieties which was 
also shown to have various pharmacological activities, including anticancer, antimi-
crobial, hypolipidaemic, anti-fatigue, antioxidant and immunomodulatory 
activities [99]. 

Although truffles (Tuber spp.) have proved to have nutritional and medicinal 
properties [100], their consumption is generally limited because of their prohibitive 
prices [17]. The most valuable species, the Italian white truffles (Tuber magnatum), 
the Périgord black truffle (Tuber melanosporum), bianchetto truffle (Tuber borchii) 
and Burgundy truffle (Tuber aestivum), are generally consumed in a few grams for 
flavouring other food. Tuber magnatum is the most expensive due to its unique taste 
and flavour, the limited geographical distribution and cultivation difficulties 
[101]. In the last season (autumn 2021), for example, its retail price ranged between 
4000 and 6000 €/kg in Italy. Its prices are more higher in outside growing countries 
[17] or in dedicated auctions; in the white truffle auction of Alba, for example, an 
ascoma weighing 830 g was sold at the incredible price of 214.000 €/kg [88], https:// 
www.rte.ie/news/newslens/2021/1115/1260065-white-truffle-italy/ in November 
2021. The other truffles command lower prices which vary between 100 and 2000 
€/kg depending on the species, the season, the origin and the size of the ascoma. 

11.2.2 Progress in Biotechnological Cultivation and Usage 

11.2.2.1 Cultivation of Saprobic Edible and Medicinal Mushrooms 
The first attempts to cultivate mushrooms date back to the 600 AD when the first 
wood ear Auricularia mushroom cultivation was reported in China. However, until

https://www.rte.ie/news/newslens/2021/1115/1260065-white-truffle-italy/
https://www.rte.ie/news/newslens/2021/1115/1260065-white-truffle-italy/


the advent of modern mushroom cultivation of fungus on the substrates was shear 
good luck and down to the spontaneous inoculation by spores [102]. 
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Wood was the first substrate used for cultivation of ligninolytic mushrooms like 
L. edodes and Auricularia spp. Agaricus bisporus was the first mushroom species to 
be cultivated in compost made of a mixture of substrates like straw, corn cobs, horse 
and poultry manure, peat moss, gypsum and lime. The origin of biotechnological 
mushroom cultivation could be associated with the first use of pure cultures in 
A. bisporus by Constantin and Matruchot in 1894 [85]. Further improvement and 
development of modern technologies and breeding new strains enhanced mushroom 
productivity particularly over the past 50 years [103]. 

In 2020, the cultivated mushroom market was estimated at USD$ 16.7 billion 
(https://www.globenewswire.com/news-release/2020/04/27/2022477/0/en/Global-
Mushroom cultivation-Industry-2020-to-2025-Economic-Viability-of-Mushroom-
Cultivation-and-Trade-by-Developing-Countries-Presents-Opportunities.html) and 
is projected to witness significant growth due to the health benefits of mushroom 
consumption. Moreover, the necessity to find new food resources in order to satisfy 
the demand of increasing population and of protein from eco-sustainable sources is 
one of the challenges faced by the cultivation of mushrooms. 

The cultivation of saprobic mushroom needs a short time, and the first production 
begins in a few weeks or maximum several months, depending on the fungal species 
and the strain, the substrate and climatic conditions [102]. Moreover, mushroom 
cultivation could utilize different agrowastes as substrates contributing to generating 
economic development in rural territories. The capability of mushrooms to develop 
on different wastes makes them the ideal candidates for developing circular econ-
omy systems. In this process, the use of the digestate, the material remaining after the 
anaerobic digestion of a biodegradable feedstock from biogas plants, as substrate for 
mushroom cultivation is an interesting alternative. Digestate is typically separated 
mechanically into liquid and solid fractions which are both commonly used as 
fertilizers [104, 105]. However, there are concerns in their direct use as fertilizer 
because they are a source of greenhouse gases (N2O and CH4), although less than the 
untreated biomass [106, 107]. Moreover, the solid fraction of digestate from agricul-
tural feedstocks still contain recalcitrant organic compounds prevalent in the ligno-
cellulosic components, which are not degraded during the anaerobic fermentation 
but may be an excellent carbon source for ligninolytic mushrooms. Fornito et al. 
[108] showed that Cyclocybe aegerita, P. cornucopiae and P. ostreatus are able to 
grow and fructify on corn digestate with a biological efficiency (19%, 80% and 
103.3%, respectively) similar to those obtained on wood-straw-based traditional 
substrates. On the other hand, also the liquid fraction of digestate was successfully 
used in spruce sawdust fermentation for cultivation of P. ostreatus, P. eryngii and 
G. lucidum [109]. After mushroom cultivation, the spent substrate is useful as 
fertilizer due to the presence of nutrients and its protective activity against soil-
borne diseases. In fact, it has been shown that the changes in microbial composition 
during mushroom mycelial growth in the substrate and the subsequent increased 
abundance of beneficial microbes improve its suppressive capacity against several 
pathogens [110, 111]. Alternatively, the spent substrate after mushroom lignin

https://www.globenewswire.com/news-release/2020/04/27/2022477/0/en/Global-Mushroom%20cultivation-Industry-2020-to-2025-Economic-Viability-of-Mushroom-Cultivation-and-Trade-by-Developing-Countries-Presents-Opportunities.html
https://www.globenewswire.com/news-release/2020/04/27/2022477/0/en/Global-Mushroom%20cultivation-Industry-2020-to-2025-Economic-Viability-of-Mushroom-Cultivation-and-Trade-by-Developing-Countries-Presents-Opportunities.html
https://www.globenewswire.com/news-release/2020/04/27/2022477/0/en/Global-Mushroom%20cultivation-Industry-2020-to-2025-Economic-Viability-of-Mushroom-Cultivation-and-Trade-by-Developing-Countries-Presents-Opportunities.html


degradation can be reused in plants for biogas production or for extraction of 
bioactive molecules, such as enzymes, or for the extraction of chitin or as feed of 
animals and in particular invertebrates such as insects or earthworms [108, 112– 
115]. Worldwide new species and new varieties of mushrooms are being annu-
ally added to meet the increasing demand for new mushroom products. 
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One of the most recent successfully cultivated mushroom is the morel (Morchella 
spp.). In recent years, the outdoor cultivation of true morels has been successful and 
expanded to a large scale in China after more than 100 years of failures [116] 
(Fig. 11.3b). The species currently cultivated in China are the saprobic species, the 
black morels in the Elata clade, in particular M. importuna, M. sextelata and 
M. eximia [117]. 

Despite morels have been routinely cultivated in ordinary farmland soils, some-
times there are unsuccessful cases for unknown reasons. These failures could be due 
to unfavourable soil microbiota [117] or for some genetic and biological aspects 
which remain poorly understood. Several phases of the life cycle of morels have 
been not completely unravelled, like the mechanisms of fertilization, including the 
role of microconidia, the morphogenesis of microsclerotia and factors which trigger 
fruiting [118, 119]. 

Moreover, some Morchella species in the Esculenta clade establish trophic 
interactions with the roots of the plants, which at the same time resemble mycorrhi-
zal, saprobic or pathogenic phases; this has not been adequately under-
stood [120, 121]. Fundamental research on morels is obviously necessary to fill 
the knowledge gaps and for technological progress of Morchella for its artificial 
cultivation [118]. 

Cordyceps militaris is a medicinal fungus which in nature infects the larvae of 
lepidopteran host, and over the past decade it has been cultivated in China on 
artificial media (Fig. 11.2c, d). Several studies were carried out to improve the 
cultivation medium in order to increase fruiting body formation and extend its 
bioactive compounds, especially cordycepin [122, 123]. However, the most impor-
tant of the entomogenous fungi is Ophiocordyceps sinensis which is collected in the 
high grassland areas primarily of Tibet, Nepal and Bhutan where it sells at very low 
prices. Recently the cultivation of O. sinensis fruiting bodies on artificial media on 
the host caterpillar Thitarodes sp. has been successfully established in 
laboratories of southern China where environmental conditions are mimicked in 
the wild Tibetan alpine meadows [124]. 

Ophiocordyceps robertsii is another but lesser known medicinal endoparasitic 
fungus of insects. Traditionally it is used by New Zealand Maori to produce a dye to 
colour the moko (body and face carving). A permanent culture was first developed 
by Wei-Ping Xiong and Ian Hall in 2019 (personal communication) and is now 
awaiting further study. 

Recently, the submerged cultivation of medicinal mushrooms has shown to be a 
promising and reproducible alternative for the production of mushroom metabolites 
[125]. In submerged cultivation the mycelium of mushrooms is grown in a liquid 
medium in which nutrients are dissolved and oxygen supply is reinforced by 
agitation [126]. It can be achieved in flasks or bioreactor vessels which are more



suitable at industrial levels. Using this technique, physical (temperature, aeration, 
agitation, etc.) and chemical (pH, medium composition, etc.) factors could be 
controlled ensuring biomass quality and standardization of metabolite production 
and opening up the possibility to obtain safely bioactive compounds by the inedible 
mushrooms [126]. 
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11.2.2.2 Cultivation of Edible Ectomycorrhizal Mushrooms 
The edible ectomycorrhizal mushrooms (EEM) live in an intimate association with 
the roots of suitable trees and shrubs in temperate, boreal and, to a lesser extent, 
tropical forests [127, 128] providing the host plant with soil nutrients and water and 
receiving in exchange carbon. The lifestyle of EEM complicates the methods for 
cultivating these fungi and extends the time of the first production. 

Among these species, T. melanosporum (the Périgord black truffle) was the first 
EEM fungus to be successfully cultivated (Fig. 11.3f). Its cultivation was introduced 
in the early 1800s by the French farmer Joseph Talon. His method was quite simple 
and consisted of sowing acorns in soils suitable for truffle growth. Truffle cultivation 
improved considerably over last 70 years when the modern methods of cultivation 
were introduced. This consisted of inoculating seedlings or cuttings with truffle  in  
greenhouses and then transplanting them in suitable sites. Initially, three different 
methods of inoculation were proposed: spore inoculum, mother plant technique and 
mycelial inoculation. Spore inoculum involves inoculating sterile young plants, a 
few months old, with truffle spores which are obtained by grinding truffles that are 
fresh, refrigerated or stored in moist sand, dried or frozen [129, 130]. The mother 
plant technique involves planting seedlings into the rooting zone of a plant known to 
be mycorrhized with the required truffle and mycelial inoculation using pure culture 
of Tuber mycelium. The mother plant technique was soon abandoned because of the 
high risk to spread contaminant ectomycorrhizal fungal species accidentally present 
on the mother plant. The mycelial inoculation was used only for experimental 
purposes and to overcome the difficulties in obtaining pure cultures of Tuber 
mycelium [130]. Thus, spore inoculum has become the method used by all the 
companies producing Tuber plants because it is simple and effective for most of the 
species of valuable Tuber spp. However, due to the high cost of Tuber ascomata, 
batches of truffles, which contain small, broken and often completely rotten 
ascomata, are often used as inoculum. That makes it very difficult for identification 
of any ascoma, and those of less valuable Tuber species can escape the control and 
are included in the inoculum. That increase the risk of contamination of the root of 
the plants with undesired mycorrhizal species, and, for example, plants which should 
be mycorrhized with T. melanosporum are instead infected with the similar but less 
valuable Tuber brumale or with other worthless Tuber spp. Fortunately, in the last 
30 years, morphological and molecular methods to identify ascomata and 
mycorrhizas have been perfected [86, 130, 131]. In France and in some regions of 
Italy, both the ascomata used as inoculum and the mycorrhizas are routinely checked 
to avoid the production and commercialization of plants carrying mycorrhizas 
different from those declared by the nursery [132–134].
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Since the truffle spores are derived by meiosis of a virtual zygote, they are 
genetically different and of unknown genotypes [135]. That could be a potential 
adaptive advantage when the soil and climatic condition of the plantation site are 
unknown but do not allow a genetic selection of the best fungal genotypes for each 
specific ecological condition and the possibility to improve the productive 
performances of truffle orchards. The recent positive results obtained in inoculating 
plants with mycelial pure culture and the first production obtained by planting 
seedlings inoculated with different mycelial strains of T. borchii open up the 
possibility of commercially applying this method [136] (Fig. 11.3d and e). This 
will allow selecting the strains producing ascoma of best aroma composition or more 
adaptable to climatic conditions, characters that seem to be genetically controlled 
[137, 138]. 

Mycelial inoculation is also applied to produce Lactarius deliciosus mycorrhizal 
plants. Its cultivation was introduced in New Zealand in the late 1990s; it spread later 
to Europe and was introduced into China around 2014. The fruiting body production 
has been estimated to be as high as 1–3 tonnes per hectare in New Zealand [139] 
(Fig. 11.3c). 

11.3 Mushroom-Derived Bioactive Molecules 

11.3.1 Polysaccharides 

The polysaccharides (β-1,3 and β-1,6 glucans) are one of the major bioactive 
molecules in agaricomycete and ascomycetes mushrooms with significant immuno-
modulatory, antioxidant, antimicrobial and other medicinal effects. Fungal 
polysaccharides (β-glucans) lentinan, krestin, schizophyllan and pleuran with com-
mercial application were extracted from L. edodes, P. ostreatus, Trametes versicolor 
and Schizophyllum commune [5, 8, 140–150]. 

The β-glucans and their bioactivity were also reported from other mushrooms, 
such as A. bisporus, Auricularia auricula-judae, Ganoderma spp. and Suillus 
granulatus [151, 152]. Ganoderma polysaccharides have particularly been 
suggested as a healthy dietary food for cancer patients [153]. 

11.3.2 Terpenoids and Phenolics 

Inedible and edible medicinal mushrooms may be sources of phenolic compounds 
and derivatives. Fungal phenolics possess anti-carcinogenic, anti-inflammatory, 
antioxidant and anti-mutagenic effects [8, 26, 154–156]. 

Recent studies showed that Agaricus campestris, A. bisporus, B. edulis, 
C. cibarius, Grifola frondosa, Macrolepiota procera, P. ostreatus, Russula 
alutacea, R. vesca, S. commune, T. versicolor, Trametes gibbosa and Volvariella 
volvacea were considered as source of bioactive phenolics (flavonoids, β-carotene, 
lycopene, coumarins, phenolic acids) with different therapeutic effects [156–



164]. Among these, species from order Boletales (Boletopsis leucomelas, Boletus 
grisea, Paxillus curtisii and P. panuoides) are especially rich in pigments of various 
phenolic origins for potential medicinal exploitation [165]. 
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A variety of bioactive terpenoids represents another unexploited group of lipid 
derivatives in mushrooms. The chemical structures of several fungal terpenoids have 
been determined [166, 167]. 

Edible and medicinal mushrooms, such as Ganoderma spp., Pleurotus spp., 
Fomitopsis palustris, Fomitopsis betulina and Tricholoma pardinum, contain 
lanostane triterpenoids (pardinols A–H and saponaceol B) with antibacterial, anti-
mitotic, antiviral, cytotoxic, immunomodulatory and other therapeutic effects [8, 46, 
147, 168–174]. 

The sesquiterpenoid eremophilanes with antibacterial, anti-inflammatory, anti-
obesity, antiviral and cytotoxic effects were detected in Xylaria mushrooms [175], as 
well as in submerged cultures of Inonotus sp. [176]. The ergostane and lanostane 
triterpenoids were identified in Antrodia cinnamomea [177]. Cytotoxic 
sesquiterpenes derived from the fruiting bodies of Russula spp. [166], lanostane 
triterpenoids from Piptoporus betulinus [178] and hypoglycaemic triterpenes from 
medicinal mushroom Wolfiporia cocos [179] have also been reported. Bioactive 
meroterpenoid suillin and related pigments with antimicrobial, anti-mitogenic, anti-
oxidant and apoptosis-inducing effects against human cancer cell lines were detected 
in Suillus placidus [180] and Suillus bovines [181]. Suillin was suggested as an 
effective agent to treat liver cancer. A new lipid peroxidation inhibitor bolegrevilol 
was detected in the edible mushroom Suillus grevillei [182]. 

11.3.3 Lipids and Sterols 

Evaluation of lipid and sterol content (ergosterol, fungisterol, lanosterol, cholesterol, 
cerevisterol and derivatives) of mushrooms from Amanita, Boletus, Lactarius, 
Suillus, Tricholoma, Tuber and other genera showed that they differ in total lipid 
quantities and fatty acid composition [5, 8, 17, 163, 183]. Among 20 different fatty 
acids present in mushrooms, the more common are oleic, linoleic and palmitic acids 
followed by stearic acid. Mono- and polyunsaturated fatty acids, including oleic and 
linoleic, are considered as valuable food supplements for human diet and 
nutrition [6]. 

Steroids, lanostane and ceramide derivatives were originally isolated and 
identified from the methanolic extract of agaricomycete species Scleroderma bovista 
[184]. Among these, the lanostane derivatives showed significant anti-proliferative 
properties against human cancer cell lines HeLa, A2780, MDA-MB-231 and 
MCF-7.
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11.3.4 Lectins 

Mushrooms possess bioactive proteins, such as lectins, ribosome-inactivating 
proteins and fungal immunomodulatory proteins (FIPs). 

Lectins are non-enzymatic proteins that specifically interact with sugars. They 
possess immunomodulatory, mitogenic, cytotoxic, antitumor and antimicrobial 
activities making them as potential therapeutic agents. Different lectins were isolated 
from fruiting bodies and mycelia of Agaricomycetes genera Amanita, Boletus, 
Laccaria, Lactarius, Russula and Tricholoma [185, 186]. Lectins with 
immunomodulating and hypotensive effects were isolated from Tricholoma 
mognolicum [187]. 

The potent antitumor and anti-proliferative lectins (homodimeric, 60 kDa) 
towards human hepatoma HepG2 and human breast cancer MCF-7 cells were 
isolated from Russula lepida and R. delica [188, 189]. These lectins against murine 
leukemic L1210 cells from Lactarius flavidulus [190] and haemolytic toxic lectin 
against murine and human leukemic cell lines were obtained from Amanita virosa 
[191]. Antiviral and anti-proliferative lectin derived from B. edulis inhibited human 
viral reverse transcriptase, and the proliferation of several malignant cell lines, by 
binding the neoplastic cell-specific T-antigen disaccharide Gal β1-3GalNAc, has 
been reported [189, 192]. A lectin from Xerocomus (= Boletus) spadiceus induced a 
mitogenic response in murine splenocytes [193], while ingestion of lectins from 
Boletus venenatus showed fatal toxicity in mice [194]. Lectin TBF-1 specific to the 
hypogeal ascomata was identified in T. borchii [70]. 

The galectins are a class of bioactive proteins that bind specifically to 
β-galactoside sugars and have been described in Agaricomycetes Coprinopsis 
cinerea and Laccaria amethystina [195, 196]. 

11.4 Medicinal Properties of Mushrooms 

Mushrooms as medicines were recognized nearly 2000 years ago. They are rich 
source of pharmaceutical constituents for different exploration potential. Traditional 
medicine and scientific research data showed that both edible and inedible 
mushrooms possess promising pharmacological potential (antimicrobial, anti-
inflammatory, antioxidant, antiviral, cardio-, hepato- and neuroprotective, cytotoxic, 
hypotensive, immunomodulatory, etc.) and may be considered sources of myco-
pharmaceuticals, nutriceuticals or dietary supplements and cosmeceuticals [1, 5, 8, 
9, 15, 17, 19, 28, 31–33, 140]. 

Edible medicinal agaricoid Pleurotus mushrooms are mainly known due to their 
hypoglycaemic, hypocholesterolaemic, neurotoxic and cardioprotective properties 
[5, 8, 9, 17, 50, 53–57, 59, 60]. 

The pharmacological potential of inedible bracket fungi, such as Ganoderma 
spp., T. versicolor, Phellinus linteus, G. frondosa, Fomes fomentarius and 
Fomitopsis pinicola, could be used to develop health-enhancing functional food 
products [8, 13, 197–200]. The extracts from mycelia and ascomata of the most



priced medicinal ascomycete mushroom Ophiocordyceps sinensis and C. militaris 
possess immunomodulatory and cell apoptosis-inducing activities [201, 202]. 
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Edible ascomycete mushrooms, such as morels and truffles, besides their excel-
lent culinary values, have medicinal properties due to bioactive compounds, dietary 
fibres, vitamins, polysaccharides, proteins and trace elements. The fruiting bodies 
and mycelium of M. esculenta possess antioxidant activity because of linoleic acid 
and beta-carotene contents [67]. Polysaccharides isolated from M. esculenta showed 
anti-inflammatory, antitumor, antimicrobial and wound-healing properties 
[68, 203]. Many truffles and truffle-like fungi (Picoa spp., Terfezia boudieri, 
T. claveryi, Tirmania nivea, T. pinoyi, T. melanosporum, Tuber indicum, 
T. sinense, T. aestivum and T. himalayense) possess antioxidant, antimicrobial, 
anti-mutagenic, antitumor and neuroprotective properties [5, 72–75]. 

11.4.1 Antimicrobial and Antiviral Activity 

The prevention and treatment of bacterial, fungal and viral diseases remain a serious 
problem in modern medicine. Agaricomycete and ascomycete mushrooms are 
known as active producers of antimicrobial and antiviral compounds: velutin and 
flammulin from F. velutipes; ganodermadiol, ganomycin and ganoderiol from G. 
lucidum; lentinan from L. edodes; schizophyllan from S. commune; krestin from 
T. versicolor; and others [8, 204–211]. 

The antimicrobial activities of extracts from A. bisporus and T. gibbosa, against 
Gram-positive and Gram-negative bacteria, as well as phytopathogenic and 
keratinophilic fungi, have been reported [212]. The bacteriostatic and bacteriocidical 
effects against Helicobacter pylori bacteria were revealed using ethanolic extracts of 
A. bisporus, Coprinus comatus, C. militaris, F. velutipes, G. lucidum, G. frondosa, 
Hericium erinaceus, Hypsizygus marmoreus, Ganoderma applanatum, L. edodes, 
Ph. igniarius, P. eryngii and P. ostreatus [37, 213, 214]. 

The aqueous extracts of edible ascomycete mushrooms Picoa juniperi, T. claveryi 
and T. pinoyi (desert truffles) showed in vitro antibacterial activities against Gram-
positive human pathogenic reference strain Staphylococcus aureus ATCC 29213 
and Gram-negative Pseudomonas aeruginosa strain ATCC 15442. The acid-soluble 
protein extracts of T. pinoyi and T. claveryi have minimum inhibitory concentrations 
(MIC) of 50 μg/mL against tested pathogens [215]. 

The antiviral activities of edible agaricoid mushrooms B. edulis, L. edodes, 
P. ostreatus and Lignosus rhinocerotis against herpes simplex virus (HSV) type 
1, human papillomavirus (HPV) and dengue virus type-2 (DENV-2) were reported 
[209, 216, 217]. Extracts from mycelia of polyporoid species Daedaleopsis 
confragosa, Datronia mollis, Ischnoderma benzoinum, Laricifomes officinalis, 
Lenzites betulina, T. gibbosa and T. versicolor showed antiviral activity against 
influenza A virus (H5N1 and H3N2)  [218]. It has been revealed that polysaccharides, 
glycoproteins, melanins, nucleosides, proteins and terpenoids from several 
Agaricomycetes exhibit antiviral effects against hepatitis, herpes, human immuno-
deficiency virus (HIV), influenza, West Nile viruses as well as orthopox viruses,



including the variola virus [211]. Tested mushrooms were suggested as perspective 
agents to develop novel antiviral myco-pharmaceuticals. 
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Mycelia of several polyporoid (Auriporia aurea, F. fomentarius and 
T. versicolor) and agaricoid (P. ostreatus, P. eryngii, F. velutipes and Lyophyllum 
shimeji) mushrooms inhibited the reproduction of influenza A (H1N1) and herpes 
simplex (HSV-2) viruses [207]. Among tested samples T. versicolor 353 strain was 
detected as a source of low toxicity antiviral agent. The antiviral activity was 
reported in ascomycete Morchella conica, M. esculenta and T. boudieri [205]. How-
ever, antiviral mushroom-derived bioactive molecules and mechanisms of their 
action remain subjects for further research. 

Several bioactive compounds of mushrooms (polysaccharides, proteins, terpenes, 
melanins, etc.) are exhibiting an antiviral activity with combination of immunomod-
ulatory, immunosuppressive and anti-inflammatory properties which may be safely 
used in the prevention and treatment of respiratory viral infections [211, 219–221]. 

The coronavirus disease 2019 (COVID-19), a de novo pattern of pneumonia, has 
caused pandemic caused by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2). COVID-19 is associated with several comorbidities; therefore, 
different preventive and curing therapies should be applied. Medicinal mushrooms 
may be a good candidate for preventive and therapeutic use against COVID-19 
[61, 222]. The combination of immune cell activation with a moderate impact on 
inflammatory cytokines may be beneficial in patients with COVID-19 [223]. 

Rahman and coauthors [61] described Reishi or Lingzhi (G. lucidum) as the most 
suitable anti-COVID agent. Another potential candidate against the SARS-CoV-
2 virus may be chaga mushroom (I. obliquus) commonly grown in Asia, Europe and 
North America. This bracket fungus is characterized by a wide range of antiviral 
compounds and it is used as a raw material in various therapies. Antiviral melanin 
from wild and cultivated I. obliquus strain is effective against the pandemic strain of 
influenza virus A/California/07/09 (H1N1 pdm09) [221, 224]. Other medicinal 
mushrooms are also promising; for example, cell-based studies show a reduction 
in the production of proinflammatory cytokines by β-glucan-rich extracts obtained 
from L. edodes in COVID-19 patients. Fruiting bodies and mycelia of agaricomycete 
mushrooms Agaricus blazei (AbM), H. erinaceus and G. frondosa have been 
reported as antiviral, antibacterial, immunomodulatory and anti-inflammatory agents 
and may be suited for treatment of pneumonia caused by COVID-19 infection. A 
mushroom extract-based biotech product Andosan™ containing extracts from these 
fungi has shown significant antibacterial and anti-inflammatory effects and increased 
survival in mice with pneumococcal sepsis. Therefore it can be suggested as a 
prophylactic or therapeutic agent against severe pneumonia that often complicates 
COVID-19 infection [222]. However, data with chemically well-defined fungal 
preparations to support COVID-19 patients are necessary to further evaluate for 
their medicinal properties at certain stages of the disease [223].
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11.4.2 Immunomodulatory and Antitumor 

The immunomodulatory activity is the most prominent medicinal property of 
mushrooms [8, 33, 47, 140, 153, 225–228]. β-Glucans schizophyllan, lentinan, 
krestin and grifolan, as well as proteins, glycoproteins and lipopolysaccharide 
(LPS), have been identified as immunomodulators. They are widely used in the 
treatment of several types of cancer [8, 33, 206]. Mushroom glucans prevent 
oncogenesis and exhibit antitumor effects by inducing immune response in the 
host [142, 144, 229–232]. They may also modify cell cycle-regulating genes and 
induce apoptosis [233]. 

Glucan grifolan or maitake D-fraction isolated from G. frondosa stimulated 
the production of granulocyte colony-stimulating factor (CSF) and recovery of 
peripheral blood leukocytes [234] and showed anti-metastatic effect 
[233, 235]. The immunomodulatory, cytotoxic and apoptosis-inducing effects of 
β-glucans from Ganoderma spp., Inonotus obliquus (Chaga mushroom) and W. 
cocos are supported by the presence of triterpenoids [227, 236]. The immunomodu-
latory polysaccharides isolated from Macrocybe titans and Collybia radicata were 
suggested for further application as food and pharmaceutical agents [228, 237]. A 
ganoderic acid and FIPs with anti-proliferative and apoptosis-inducing activities 
have been reported in different Ganoderma mushrooms [47, 238, 239]. 

Immunomodulatory, anticancer and anti-inflammatory effects were revealed in 
medicinal mushrooms B. edulis [240], Coriolus (syn. Trametes) versicolor [241], 
Inonotus hispidus [242], L. edodes [243], P. ostreatus [244] and Taiwanofungus 
camphoratus [245]. Further myco-pharmacological studies will promote the transfer 
of mushroom-derived biomolecules to clinically effective therapeutics [8, 140, 246]. 

11.4.3 Antioxidant and Anti-inflammatory 

Edible and medicinal mushrooms are recognized as a natural source of phenolics, 
polysaccharides and terpenoids with antioxidant and anti-inflammatory effects 
[8, 19, 21, 43, 62, 153, 247–260]. 

The antioxidant activity due to high content in total phenols and flavonoids was 
revealed in methanolic extracts of 29 wild edible mushrooms. The extracts of 
Cantharellus cibarius, C. cinereus, Craterellus cornucopioides and Hydnum 
repandum exhibited high cytotoxicity and induced apoptosis-necrosis in A549 
cells. As an active ingredient, anti-proliferative piceatannol was originally reported 
in tested species [261]. 

Fermentation broth samples of three Ganoderma spp. contain a large number of 
phenolic derivatives and flavonoids with antioxidant and antimicrobial activities and 
were suggested as source of antioxidant and antimicrobial agents [141, 251]. It was 
shown that the treatment with extract of A. brasiliensis improved the antioxidant 
defences, diminished by rheumatoid arthritis [252].
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A significant antioxidant effect was revealed in methanolic extracts from mycelia 
of Pleurotus spp. The usage of mycelial extracts as dietary supplement can prevent 
the process of oxidative damage [50, 253]. 

Antioxidant and anti-proliferative effects were revealed in Boletales (B. edulis) 
and other edible and medicinal agaricoid mushrooms (A. subrufescens, A. auricular-
judae, F. velutipes, Ganoderma capense, H. erinaceus, L. edodes, Pleurotus djamor, 
S. luteus and W. cocos) [40, 49, 249, 256, 258, 262–264]. 

Antioxidant and anti-aging activities of polysaccharides isolated from ascomy-
cete fungus Cordyceps cicadae have recently been observed [265]. Anti-
inflammatory effect of polysaccharides, as well as aqueous, ethanolic and 
methanolic extracts from Lactarius rufus [266], L. edodes [267], P. giganteus [51] 
and L. rhinocerotis [268], was revealed. 

Further studies are needed to elucidate the antioxidant and anti-inflammatory 
potential of mushrooms and their usage as healthy food biotech products due to the 
synergistic effects of all the bioactive molecules present (polyphenols, 
polysaccharides, vitamins, carotenoids and minerals) [144, 155]. 

11.4.4 Anti-metabolic Syndrome 

The metabolic syndrome (MS) is a pathological condition including 
hyperglycaemia, hyperlipidaemia, insulin resistance, obesity and hypertension. 
These symptoms are important signs of type 2 diabetes and increase the risk of 
cardiovascular diseases (CVD) [9, 18, 22, 269–271]. 

Currently, the existing drugs such as insulin, statins and angiotensin-converting 
enzyme (ACE) inhibitors used for the treatment of MS have limited therapeutic 
efficacy and several side effects. There are other drugs (e.g., HMG-CoA reductase, 
aldose reductase and α-glucosidase) which are also used in MS therapy. Neverthe-
less, considerable effort has been made to develop new preparations and 
pharmaceuticals to ameliorate the glucose and lipid metabolism without significant 
side effects. 

Mushroom-rich nutrition is regarded as dietary healthy food to prevent and cure 
MS pathology. Recent studies revealed huge anti-MS potential in A. bisporus, 
A. brasiliensis, G. lucidum, G. frondosa, H. erinaceous, Ph. linteus and Pleurotus 
spp. [3, 8, 19, 38, 272–276]. Moreover, the eritadenine extracted from L. edodes has 
been identified as an anti-atherogenic agent with ACE-inhibitory activity [277]. New 
bioactive compounds including lanostane triterpenoids isolated from G. lucidum 
were suggested to control hyperglycaemia and hyperlipidaemia, as well as to cure 
the MS [35]. 

The hypolipidaemic and hypoglycaemic properties of several agaricoid and 
polyporoid species, such as Calocybe indica, P. ostreatus, P. giganteus, 
V. volvacea and Inocutis levis, have been reported [271, 278–280]. However, data 
concerning the molecular mechanisms of their therapeutic action are still not 
sufficient [281].
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Hypolipidaemic and hypoglycaemic properties of agaricomycete and ascomycete 
mushrooms allow using them as a healthy food to prevent CVD [9]. Among these 
species G. frondosa, L. edodes and P. ostreatus are almost ideal for low-calorie diets 
due to a high content of fibre, proteins and microelements [282, 283]. 

Recent studies have demonstrated that bioactive molecules (i.e., terpenoids, 
peptides, isoflavones as biochanin A and formononetin, lanosterone derivative as 
fomiroid A and lovastatin) derived from Boletus aestivalis, Clitocybe nuda, 
G. lucidum, G. frondosa, H. marmoreus, L. edodes and Pleurotus spp. can regulate 
the levels of low, high-density lipoproteins, total cholesterol and fasting triglycerides 
and prevent the development of arterial hypertension, oxidative stress, diabetes and 
CVD [8, 9, 284]. 

11.4.5 Neuroprotective 

The age-related neurodegenerative diseases (NDD) are affecting millions of people 
worldwide. Oxidative stress, mitochondrial dysfunction, inflammation and axonal 
transport deficits play a significant role in the development of NDD. The general 
strategies to prevent the progression of NDD are physical activity, stress-free 
lifestyle and healthy diet, enriched with different natural supplements. Therefore, it 
is urgent to explore natural neuroprotective agents, including myco-pharmaceuticals 
and myco-food to prevent and mitigate development and symptoms of age-related 
NDD [15, 16, 285, 286]. 

Hericium species [H. coralloides, H. erinaceus, H. flagellum (syn. H. alpestre)] 
are among the highly praised edible mushrooms, as producers of neuroprotective 
biomolecules, such as hericerin, hericenones, erinacines and corallocins [16, 274, 
287–290]. 

Several medicinal mushrooms, such as Antrodia camphorate and G. lucidum, 
possess neurotrophic effects due to chemical contents of bioactive compounds 
(alkaloids, fatty acids, lectins, lipids, polysaccharides, phenolics, polyketides, 
terpenoids, sterols, etc.). They are considered natural agents in the management of 
different neurodegenerative disorders, including depression, Alzheimer’s, 
Huntington’s and Parkinson’s diseases [16, 291–296]. 

The role of edible and medicinal agaricomycete and ascomycete mushrooms 
(A. bisporus, A. brasiliensis, C. militaris, G. lucidum, G. frondosa, H. erinaceus, 
L. edodes, Lignosus rhinocerus, O. sinensis, P. giganteus, T. versicolor, 
Termitomyces albuminosus and T. fuciformis) in the treatment of NDD and the 
study of molecular mechanisms of neuroprotective and cognitive effects 
have recently been reported [16, 296–299]. 

Further efforts are warranted to discover the neuroprotective mechanism of 
mushroom-derived biomolecules [8, 16, 285, 286, 300].
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11.5 Advances in Production of Mushroom-Derived Biotech 
Products 

A wide spectrum of bioactivities of mushroom-derived compounds could be used to 
develop health-enhancing biotech products for human and animal use [17, 301, 
302]. Mushroom pharmaceuticals, nutriceuticals, nutraceuticals and cosmeceuticals 
possess different therapeutic effects, such as anticancer, antioxidant, anti-
inflammatory, immunomodulatory, cardioprotective, neuroprotective, etc. [8–10, 
14–16, 274, 287, 294, 295, 303–306]. 

Several edible and medicinal mushrooms (A. subrufescens, Ganoderma spp., 
G. frondosa, H. erinaceus, L. edodes, Laetiporus sulphureus, Ph. linteus, 
P. ostreatus and others) are considered a rich source of innovative biomedical 
compounds to develop myco-pharmaceuticals. They can be extracted not only 
from fruiting bodies but also from mycelial biomass and cultural broth [5, 8, 14, 
17, 62, 301, 307, 308]. 

Nutraceutical (“nutrition” and “pharmaceuticals”) is any substance which may be 
considered a food or part of the food and provides some medical or health-enhancing 
effects, including prevention and curing of the diseases. Agaricomycete and asco-
mycete mushrooms (A. bisporus, Auricularia spp., Pleurotus spp., B. edulis, 
F. velutipes, L. edodes, V. volvacea, M. esculenta, T. borchii, T. melanosporum, 
etc.) due to their volatile compounds are regarded not only as gourmet food but also 
nutraceuticals with high nutritional and dietary values for human wellness [5, 17, 
283, 295, 310, 312, 321, 328, 330, 338, 341, 343, 344]. 

The nutraceutical and pharmaceutical potential of mushroom bioactive molecules 
derived from A. bisporus (lectins), A. auricula-judae (acidic polysaccharides), G. 
frondosa (grifolan, lectin), Lentinus (= Pleurotus) sajor-caju (lovastatin) and O. 
sinensis (cordycepin) has been evaluated. Several nutraceutical and pharmaceutical 
biotech products derived from these fungi were approved for clinical use in many 
countries [316, 326, 332, 339, 344]. 

The mushroom nutraceuticals and dietary supplements can be obtained from 
fruiting bodies, mycelia, sclerotia and spore powder. The supplementation of differ-
ent types of health food products (dairy beverages, yogurts, bread, pasta, beer) with 
mushrooms increases their quality and nutritional values [17, 71, 80, 315, 317, 319, 
320, 322, 324, 333, 344, 346, 347, 353]. 

Several white-rot agaricoid, polyporoid, hymenochaetoid and russoloid 
Agaricomycetes fungi are used in production of beverages, wine, beer, 
cosmeceuticals, prebiotics, functional foods and nutraceuticals, for stabilisation 
and delignification of feedstock, as well as in baking [340]. 

It was showed that polysaccharides isolated from cultivated ascomycete fungus 
O. sinensis modulate intestinal mucosal immunity and gut microbiota in 
cyclophosphamide-treated mice [352]. Agaricomycetes species C. versicolor, 
G. lucidum, G. frondosa, H. erinaceus, I. obliquus and L. edodes have also been 
reported as prebiotics due to fungal glucans regulating gut microbiota in the host 
[226, 327, 336, 345].
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The vitamin-enriched mushroom dietary food could play an important role in the 
prevention of chronic diseases [334]. 

Currently, mycelial cultivation industry is progressing, and the production of 
mycelium-derived mushroom biotech products is constantly improving [125, 142, 
143, 313]. Recent progress in fungal biology and biotechnology, genomics, proteo-
mics and myco-pharmacology has contributed to usage of agaricomycete and asco-
mycete mushrooms in medicine and food industries [335]. 

Cosmeceuticals are the products between cosmetics and pharmaceuticals 
containing bioingredients with anti-aging, anti-inflammatory, antioxidant and anti-
pigmentative effects. 

Currently, the cosmetic industry is in a constant search for anti-aging (anti-
collagenase, anti-elastase, anti-hyaluronidase, anti-inflammatory, antioxidant and 
anti-tyrosinase) biomolecules or extracts. Edible and medicinal mushrooms as 
unlimited source of bioactive compounds (phenolics, glucans and other 
polysaccharides, terpenoids) may be considered as valuable sources of cosmetic 
bioingredients used in formulation of skin and hair care organic cosmeceuticals, 
nutriceuticals and nutraceuticals [1, 10, 17, 30, 259, 311, 348, 351]. 

Wild or cultivable mushrooms, such as A. subrufescens, A. bisporus, A. auricula-
judae, O. sinensis, Ganoderma lingzhi, G. lucidum, G. frondosa, Hypsizygus 
ulmarius, I. obliquus, L. edodes, Polyporus and Phellinus species, S. commune, 
T. versicolor, T. fuciformis and Tuber spp., are also incorporated in the formulation 
of many cosmetic products [1, 10, 11, 17, 29, 30, 325, 342, 351]. 

Numerous mushroom-derived cosmeceuticals (applied topically, i.e. creams, 
lotions and ointments) and nutricosmetics (administered per os) with different 
formulations are available in the market. Their usage is significantly high due to 
minimal regulation and safety compared to traditional drugs. The cosmetic brands 
used in mushroom ingredients are Bliss (Hut.com Ltd, Cheshire, UK), La Roche 
(F. Hoffmann-La Roche Ltd, Basel, Switzerland), Nu-Derm (Obagi Medical 
Products Inc., Irvine, CA, USA), SensiClear (Mission Scientific Skincare Inc., 
Gold River, CA, USA) and others [10, 17, 351]. 

11.5.1 Medicinal Mushrooms in Animal Alimentation 

Recently, mushrooms have been receiving a great attention as supplement in animal 
alimentation [314]. Edible and medicinal mushrooms are used as organic food 
additives for pets for preventing cancer and supporting their optimal immune health 
[34], https://thenaturalpetdoctor.com/mushrooms-to-naturally-improve-pet-health/). 
Mushrooms, particularly Ganoderma and Pleurotus species, can be successfully 
used in poultry diets for improving the performance of broilers [323, 329]. They 
have different beneficial effects such as immunomodulatory, antibacterial, antiviral 
and anti-parasitic and can be used as growth promoters or as an alternative to 
antibiotics [329]. 

Infectious bursal disease (IBD), also called Gumboro disease, is one of the most 
widespread immunosuppressive avian diseases, caused by a highly contagious virus.

http://hut.com
https://thenaturalpetdoctor.com/mushrooms-to-naturally-improve-pet-health/).%20


IBD vaccination has been used in the chicken industry worldwide to prevent IBD 
infection. However, IBD vaccines do not completely protect chicken against infec-
tious diseases due to immunosuppressive effects [349]. Ogbe and collaborators [337] 
showed that the inclusion of about 0.2% of G. lucidum fruiting bodies to the feed 
enhances immune response of chicken vaccinated against IBD. 
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Coccidiosis is a crucial parasitic disease of the poultry industry which causes 
enormous global economic losses. Due to the increased resistance to the conven-
tional anti-coccidiosis agents, there is a continuous need to find new anti-coccidials 
[318]. The anti-coccidial activity of aqueous extract of G. applanatum on broiler 
chicken was recently proved [309]. 

Least and not last, mushroom dietary supplementation can also improve the 
poultry meat quality. The inclusion of 10 or 20 g of P. ostreatus/kg in the diet of 
Japanese quails was effective in delaying the lipid oxidation of breasts and enhanc-
ing the colour, pH, water holding capacity, cooking loss weight and texture which 
are parameters to define meat quality [350]. 

An indirect use of mushrooms for animal alimentation is to use the spent 
mushroom substrate as feed sources for insects, as, for example, Tenebrio molitor 
larvae, which in turn can be used as feed for poultry or fish [331]. 

11.6 Conclusions and Future Prospectives 

Agaricomycete and ascomycete mushrooms are a source of multifunctional bioac-
tive compounds with broad spectrum of pharmacological activities which can be 
used to develop commercial biotech products, such as pharmaceuticals, 
nutriceuticals, nutraceuticals and cosmeceuticals. Edible mushrooms have a great 
impact on agriculture, environment and economic development in the society. 

Advances in fungal biology and biotechnology, edible and medicinal mushroom 
cultivation industry, as well as myco-pharmacology are addressing to further exploi-
tation of mushroom resources to improve human welfare and promote economic 
growth. The increased usage of mushrooms and mushroom-derived products can be 
expected. In exploitation of mushroom resources, it is important to direct the 
efforts toward their biotechnological cultivation for production of fruiting bodies, 
mycelia or spores to develop and formulate innovative and standardised mushroom 
products (nutraceuticals, dietary supplements or cosmeceuticals) and to establish 
suitable parameters for their quality control. 

Further clinical and pharmacokinetic studies of mushroom-derived products and 
comprehensive assessment of their nutritional values will expand our knowledge for 
sustainable manufacturing of high-quality standardized biotech products. 
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Abstract 

Prebiotic oligosaccharides are receiving immense attention due to their nutraceu-
tical and therapeutic potential associated with the food and pharmaceutical 
industry. Owing to increasing demand for prebiotic oligosaccharides, various 
strategies of their production are being pursued. Fungal enzymes, mainly 
fructosyltransferase, inulinase, mannanase, cellulases, galactosidase, and 
xylanase, are predominantly involved in the synthesis of various oligosaccharides 
such as fructooligosaccharides (FOS), inulooligosaccharides (IOS), 
mannooligosaccharides (MOS), cellooligosaccharides (COS), 
galactooligosaccharides (GOS), and xylooligosaccharides (XOS) through bio-
transformation of their respective precursor raw sugars. This chapter highlights 
modern approaches and production strategies of nutritional oligosaccharides 
using fungal enzymes and their nutritional values. 
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12.1 Introduction 

Nutritional dependencies of the modern lifestyle are major socioeconomic concerns 
in our day-to-day life. Incorporation of functional food ingredients as a part of daily 
diet may play crucial role in the well-being. Functional foods can be a better 
preventive measure for mitigating chronic health disorders, such as irritable bowel 
disease (IBD), inflammatory disorders, indigestion, colon cancer, gut epithelial 
dysfunction, etc. [1]. Prebiotic dietary fibers are selectively utilized by probiotic 
gut microflora which provide important health benefits to the host [2]. In a first, a 
study evidenced lactulose as a bifidogenic factor [3]. After several years, some 
non-digestible oligosaccharides were found as promising bifidogenic components 
[4, 5]. The term “prebiotic” was coined by Gibson and Roberfroid, and they defined 
prebiotics as non-digestible food components that beneficially affect the host by 
selectively stimulating the growth and/or activity of one or a limited number of 
bacteria in the colon, thus improving the host health [6]. 

Due to upsurge in their consumption all over the globe, the prebiotic market in 
2015 was estimated to be $200 million with a growth rate of 15% per year and is 
expected to reach $8.5 billion by the year 2024 [7]. Nutraceutical oligosaccharides 
are considered as non-digestible carbohydrates that help attain balanced microbial 
composition in the host gut and are responsible for a number of health benefits such 
as reduced risk of colon cancer, improved mineral absorption, antioxidant activities, 
inhibition in pathogenic microbes in the gut, generation of immunomodulatory 
compounds, reduction of neoplastic lesions and cancer risk, improvement of 
bowel movement, stimulation of immune system, improvement of gastrointestinal 
and urinary tract health, anti-inflammatory effects, reduction of blood pressure, 
maintenance of vision, antibacterial and antiviral activities, and reduction of osteo-
porosis and lipid levels [8, 9]. They also help in improving gut barrier function and 
gut-brain signaling in depressive disorders [10]. 

Among the functional food components, prebiotics and probiotics constitute a 
focus on contemporary advancements in human nutrition. The market of prebiotics 
in India is still emerging. A few fructooligosaccharide-based products are available 
in Indian market, and these continue to draw more attention by the health-conscious 
individual. All prebiotics are considered in the group of dietary fibers, but some 
dietary fibers do not exhibit prebiotic activity. Major prebiotics are 
fructooligosaccharides (FOS), inulin and inulooligosaccharides (IOS), 
galactooligosaccharides (GOS), xylooligosaccharides (XOS), 
mannooligosaccharides (MOS), and cellooligosaccharides (COS). In addition to 
these, maltooligosaccharides (MaOS), isomalto-oligosaccharides (IMaOS), human 
milk oligosaccharides (HMOS), pectin-derived oligosaccharides (POS), 
agarooligosaccharides (AOS), lactulose, and lactosucrose are also being evaluated 
for the purpose (Table 12.1). Among these, inulin, IOS, FOS, and GOS are the most 
popular prebiotics and are commonly used in food and feed, confectionary, and 
animal feed industries [21].
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Table 12.1 Natural sources of oligosaccharides 

Oligosaccharides Composition Sources References 

Fructooligosaccharides 
and 
inulooligosaccharides 

G-(F)n 
β (2–1) 
β (2–6) 

Asparagus, sugar beet, garlic, chicory, 
onion, Jerusalem artichoke, wheat, 
honey, banana, barley, tomato, and 
rye are special sources of 
fructooligosaccharides 

[8, 11–13] 

Mannooligosaccharides G-(M)n 
α (1–4) 
β (1–4) 

Yeast cell wall 
Locust bean gum, guar gum 

[14, 15] 

Xylooligosaccharides (X)n β (1–4) Bamboo shoots, husks, straws, and 
corncobs 

[16, 17] 

Galactooligosaccharides G-(Ga)n 
β (1–3) 
β (1–4) 

Milk, legumes, and sugar beet root [18, 19] 

Pectin (GaA)n 
α (1–4) 

Citrus peel, apple pomace, sugar beet [20] 

G glucose, F fructose, Ga galactose, X xylose, M mannose, A arabinose 

12.2 Production of Prebiotic Oligosaccharides 

Although prebiotic oligosaccharides are found in various natural sources 
(Table 12.1), the quantity and composition vary with respect to environmental 
conditions. The production of oligosaccharides may be done either by chemical 
synthesis by transglycosylation or by biocatalysis of raw sugars using various 
enzymes. Chemical synthesis of oligosaccharides may be attained by thioglycoside 
glycosylation, ortho-trichloroacetimidate method, orthoester method, condensation 
of tritylcyanothylidene, modified method of Koenigs-Knorr, etc. Chemical methods 
of oligosaccharide synthesis have disadvantages due to the uncontrolled stereochem-
istry and non-specificity [22]. 

Due to these limitations of chemical methods, oligosaccharide generation involv-
ing enzymatic bioprocesses is a very promising alternative. Several fungal enzymes 
such as fructosyltransferase, inulinase, mannanase, xylanase, β-galactosidase, and 
cellulase are being utilized for the generation of FOS, IOS, MOS, XOS, GOS, and 
COS, respectively (Fig. 12.1). Most of the prebiotic oligosaccharides are generated 
using enzymes belonging to three kinds of enzymes, viz., glycoside hydrolase (GH), 
glycosyltransferase (GT), and transglycosylase (TG) [23]. 

GH enzymes are involved in the hydrolysis of acetal linkages between two 
carbohydrates or between a carbohydrate and a non-carbohydrate moiety. GT 
enzymes catalyze the transfer of glycosidic moiety from activated donor to acceptor 
residue. GTs are sub-classified as inverting or retaining on the basis of the stereo-
chemistry of the glycosidic bond (α/β) in reaction product is maintained or altered. 
TGs are involved in similar catalytic reaction as the GHs, but the hydrolase versus 
transferase ratio differs in different TGs. The mechanism and biological role of TGs 
is still undistinguishable [24]. The production of different types of oligosaccharides



is commercially achieved using several enzymes based on their type of glycosidic 
linkage formation in the product oligosaccharide. The prebiotic and other nutritional 
properties or oligosaccharides depend upon the three-dimensional stereochemistry 
of the glycosidic bond, which could not be controlled by chemical catalysis. 
Enzymatic synthesis of oligosaccharides displays some properties such as selectiv-
ity, specificity, and energy minimized catalysis with high turnover number [24]. Fur-
thermore, several enzyme engineering approaches such as immobilization, genetic 
engineering, codon optimization, and mutagenesis have also been regularly utilized 
to improve catalytic properties of enzymes. 
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Fructooligosaccharides 
(FOS) 

Inulooligosaccharides 
(IOS) 

Mannooligosaccharides 
(MOS) 

Xylooligosaccharides 
(XOS) 

Maltooligosaccharides 
(MaOS) 

Cellooligosaccharides 
(COS) 

Galactooligosaccharides 
(GOS) 

Xylanase 

Endo-glucanase 

β-galactosidase 

Xylan 

Cellulose 

Lactose 

Fungal Enzyme Derived Nutraceutical Oligosaccharides 

FructosyltransferaseSucrose 

Endo-inulinaseInulin 

MannanaseMannan 

AmylaseStarch 

Substrate Enzyme Oligosaccharide 

Fig. 12.1 Types of nutraceutical oligosaccharides and fungal enzymes involved in their generation 

Oligosaccharides have been marketed since the 1980s as low-calorie agents and 
recently have gained interest in the pharmaceutical and food industry as functional 
sweeteners and prebiotic enriching population of Bifidobacteria. Currently, they 
have an approximated value of $ 200 per kg, and recently, inulin has been proposed 
as a feedstock for production of oligosaccharides through selective hydrolysis by 
action of endo-inulinase [25]. The influences of probiotic or pre-diet on the zebrafish 
gut-brain axis have reported. Zebrafish (Danio rerio) fed with probiotic were found 
with increased levels of serotonin and brain-derived neurotrophic factor [26]. Lacto-
bacillus rhamnosus IMC 501® (a probiotic strain) showed health-promoting 
properties such as decreased DNA damage, less oxidative stress, and increased



immune response including hepatic stress tolerance in zebrafish [27]. Some of the 
commercially available oligosaccharides are listed in Table 12.2. Details of some of 
the nutritionally important oligosaccharides and enzymes involved in their genera-
tion are presented in the following sections. 
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Table 12.2 Commercial oligosaccharides and their sources 

Oligosaccharide Trade name Source/company 

FOS Actilight® Baghin-Meji industries, Paris, France 

Meioligo® Meiji Seika Kaisha, Tokyo, Japan 

NutraFlora® GTC Nutrition, Golden Colorado, US 

Inulin GlaxoSmithkline, 
Philadelphia 

FiberChoice 

MOS Bio-MOSR Alltech, US 

ActiveMOSR Orffa, the Netherlands 

AgriMOS Lallemand Inc., Canada 

GOS Oligomate ® Yakult Pharmaceutical Industry Co., Ltd. 
(Japan) 

Cup Oligo Nissin Sugar Co., Ltd. (Japan) 

Vivinal® GOS Friesland Campinas (the Netherlands) 

XOS PreneXOS™ Shandong Longlive Bio-Tech Co., Ltd., 
China 

XOS Van Wankum Ingredients, the Netherlands 

COS D (+) Cellotriose 
Cellotetraose 

Megazyme (Bray, Ireland) 

MaOS Sigma-Aldrich (St. Louis, MO) 

12.3 Types of Prebiotic Oligosaccharides 

12.3.1 Fructooligosaccharides (FOS) and Inulooligosaccharides (IOS) 

Fructooligosaccharides (FOS) are considered to be the most important among 
various prebiotics due to their nutraceutical properties such as hypolipidemic 
(cholesterol-lowering) and enhanced calcium absorption [28, 29]. FOS consist of a 
series of oligosaccharides that are composed of 1-kestose (GF2), nystose (GF3), and 
1F-β-fructofuranosyl nystose (GF4), in which two, three, and four fructosyl units are 
bound at the β-2,1 position of glucose, respectively. FOS are obtained either by 
extraction from various plant materials or by enzymatic synthesis from different 
substrates. Enzymatically, these can be obtained either from sucrose using FTase or 
from inulin hydrolysis by endo-inulinase [11]. Increasing demand for an alternative 
healthy sweetener and multifunctional fructooligosaccharides has prompted 
investigators to explore microorganisms for inulinase and FTase production and to 
develop bioprocesses for the production of high-fructose syrup [8].
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Current commercial production of FOS is carried out by fructofuranosidase 
(FFase, EC 3.2.1.26) or fructosyltransferase (FTase, EC 2.4.1.9) using sucrose as 
the raw material [30, 31]. Fructosyltransferase (FTase; EC 2.4.1.9) hydrolyzes 
sucrose and transfers fructosyl group to an acceptor molecule to generate 
fructooligosaccharides (FOS) along with glucose and fructose [32]. Hidaka et al. 
[33] reported that Aspergillus niger ATCC 20611 produces β-fructofuranosidase 
(FopA) with high transfructosylation activity. A. niger ATCC 20611 is being 
exploited at industrial scale for FOS production in the last two decades as commer-
cial FOS producer [34]. Recently, genetically modified Pichia, expressing plant 
fructosyltransferase, was designed for industrial production of FOS [35]. Another 
recent report describes neo-series FOS production using β-fructofuranosidase 
(FFase) derived from Xanthophyllomyces dendrorhous. For industrial application, 
the gene encoding FFase has been cloned in Pichia, and the expressed enzyme was 
immobilized on polyvinyl alcohol matrix and used for continuous generation of FOS 
[36]. A cold-active FTase from Aspergillus tamarii generated a maximum of 55% 
(325 g/L) FOS from sucrose under optimized biotransformation parameters 
[37]. Another fungus Penicillium citrinum produced FTase units in fermentation 
media containing banana peel (6.9 U/mL) and sugarcane molasses (7.3 U/mL) [38]. 

Prebiotic fructooligosaccharides can also be obtained by one-step hydrolysis of 
inulin by endo-acting inulinases (endo-inulinases). Inulin serves as a storage poly-
saccharide in many plants of Composite and Gramineae. It consists of β-(2–1)-D-
fructosyl-fructose links terminated by a sucrose residue [8, 39, 40]. This fructan is a 
potential substrate for generation of high fructose syrup (HFS) and prebiotic 
inulooligosaccharides (IOS). Inulin is acted upon by two types of inulinases, i.e., 
endo-inulinase (2,1-β-D-fructanfructanohydrolase, EC 3.2.1.7) and exoinulinase 
(β-D-fructanfructohydrolase, EC 3.2.1.80). Endo-inulinases liberate IOS as the 
main product [8], while exoinulinases hydrolyze the terminal linkages to yield 
fructose as the main product. Pertaining to the high demand of FOS, their cost-
effective production is assuming greater challenges. In this context, development of 
an enzyme-based process using microbial transferases and hydrolases can help 
achieving the target of producing FOS using cost-effective indigenous technology. 
High fructose syrup can be biotransformed into value added products such as ethanol 
and single-cell protein, while IOS are indicated in nutraceutical industry as 
prebiotics [41]. Bhalla et al. [42] reported FOS generation using Saccharomyces 
cerevisiae isolated from local fermented beverage called Chaang. It was selected 
after screening for high invertase activity. Highest yield was obtained from 250 mg 
sucrose concentration and 2.5 U of invertase in 1 ml reaction at pH 5.5 and 40 °C. 
Production of an extracellular, thermostable inulinase was carried out by Aspergillus 
tubingensis CR16 using wheat bran and corn steep liquor (CSL) under solid-state 
fermentation (SSF). The fungus produced 1358.6 ± 0.8 U/g inulinase after 
parametric optimization which was fivefold higher [43]. Bacillus safensis AS-08 
grown on dahlia inulin produced inulinases which hydrolyzed inulin to mixture of 
fructooligosaccharides [44]. 

A. niger NK-126 showed high inulinase activity on dandelion tap root extract 
(52.3 U/ml) and produced a mixture of fructose and FOS from chicory inulin [45]. In



silico studies of Singh and Shukla [46] have shown that exo- and endo-inulinases 
from Penicillium sp. TN-88 have different arrangement of amino acids in the active 
site for recognition of substrate. Dilipkumar et al. [47] have used sugarcane press 
mud for the production of inulinase in solid-state fermentation (SSF). The optimized 
medium with sugarcane juice at 20% (v/v) and casein peptone at 2% (w/v) was found 
to be optimal at an initial pH 7.0 and incubation temperature 35 °C for 48 h. The 
produced inulin-type FOS (kestose and neokestose) and levan were characterized by 
Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance 
(NMR) analysis. The study revealed that the levansucrase could form FOS from 
sucrose [48]. Aspergillus fumigatus NFCCI 2426 was found to produce 68 U/ml of 
FTase activity on a medium containing 20% w/v sucrose. The enzyme was partially 
purified (acetone precipitation followed by DEAE-Cellulose anion exchange chro-
matography) and immobilized in calcium alginate for continuous transfructosylation 
of food grade sucrose to generate FOS (GF5, GF4, GF3, GF2) and gluco-fructose 
(our unpublished results). The research in the field of FOS is gaining momentum 
among researchers because of their tremendous potential as nutraceuticals. Purama 
et al. [49] summarized pathways of colorectal cancer (CRC) inhibition by FOS. 
These oligos also play crucial role in immune health maintenance by increasing the 
concentration of interleukins and IgG. They inhibit cancer cell growth by activating 
caspase pathway for apoptotic death of CRC cells [49]. 
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12.3.2 Galactooligosaccharides (GOS) and Other Lactose-Derived 
Oligosaccharides 

GOS are non-digestible oligosaccharides composed of 2–8 galactose moieties linked 
by β (1 → 4) and β (1 → 6) bonds with a terminal glucose residue, while β (1 → 2) 
and β (1 → 3) glycosidic linkages may be found in some GOS [24]. GOS are usually 
produced by the transgalactosylation catalyzed by β-galactosidase (βG; EC 3.2.1.23) 
using lactose-rich solutions. The βG catalyzes transgalactosylation in a similar way 
to the fructosyltransferase in a kinetically controlled manner [50]. The 
transgalactosylation reaction proceeds through the release of galactose from lactose 
followed by its transfer to another lactose molecule to generate trisaccharide (GOS 
3). Subsequent formation of GOS 4, 5, and 6 occurs with GOS 3, 4, and 5 as an 
acceptor molecule. βGs are obtained from a variety of microorganisms mainly 
from Aspergillus spp. (A. niger and A. oryzae), yeasts (Kluyveromyces spp.), and 
bacteria (Bacillus circulans) as prominent producers. 

GOS are frequently used as functional food ingredient in dairy products, bakery, 
and beverages. Recently, a novel β-galactosidase from the fungus 
Thermothielavioides terrestris was heterologously expressed for the production of 
GOS. The recombinant enzyme resulted in 19.4% and 14.8% GOS yield from 
lactose solutions and acid whey, respectively [51]. On the other hand, bacterial 
galactosidase (GH family 42) from Pantoea anthophila resulted in 40% GOS yield 
corresponding to 86% lactose conversion from 400 g/L lactose. The lactose hydro-
lysate was composed of 14% GOS, 5.7% 6-galactobiose, 20.2% allolactose, 46.7%



mixed monosugars (glucose and galactose), and 13.3% residual lactose [52]. Another 
acidic β-galactosidase from A. oryzae (ENZECO), having optimum pH 4.5, pro-
duced a maximum of 26.73% GOS (DP 3 and 4) from lactose solution [53]. β-Galac-
tosidase from A. oryzae (≥8 IU mg-1 ; Sigma Chemicals Co, USA) was utilized to 
generate GOS from whey powder substrate. Maximum yield of 62 g L-1 of GOS 
was obtained from 40% sweet whey powder bioconversion. Also, the immobiliza-
tion of this enzyme on a synthetic methacrylic immobilization carrier (Lifetech 
ECR8409) resulted in 2.5-fold enhanced GOS productivity and recyclability over 
4 cycles [54]. Commercial β-galactosidase preparations sourced from Aspergillus 
aculeatus, A. oryzae, A. niger, B. circulans, and Kluyveromyces lactis have been 
employed for GOS production from lactose and lactulose solutions. Among all the 
tested enzyme preparations, fungal lactase sourced from A. oryzae yielded maximum 
GOS (0.29 g g-1 from lactose and 0.38 g g-1 from lactulose) [55]. 
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12.3.3 Cellooligosaccharides (COS) 

Cellulose is the most abundant structural polysaccharide on the earth. Cellulose 
(poly β-1,4-glucopyranose) is composed of closely knit linear chains of anhydro-
glucose monomers linked by β-1,4-glycosidic linkages at the C1 and C4 positions. 
Cellooligosaccharides (COS) display the same chemical structure as cellulose but 
have DP in the range of 2–6. Although cellulose is insoluble in water, due to smaller 
DP, COS are fairly soluble in water at room temperature. COS are generated by 
depolymerization and glycosylation of cellulose polymer. Glycosidic linkages other 
than β-1,4 glycosidic bonds such as α-1,4, α/β-1,3, α/β-1,6, and α/β-1,2-glycosidic 
linkages may be found in COS [56]. COS are mainly derived by controlled 
de-polymerization from plant cellulose. COS can be obtained by acid or enzymatic 
hydrolysis of plant cellulose. Partial hydrolysis of cellulosic biomass is based on the 
protonation of glycosidic bond by acidic or enzymatic catalysis. Among the entire 
COS synthesis approaches, enzymatic de-polymerization of cellulose is the most 
promising, eco-friendly, and economical approach. 

COS synthesis by enzymatic catalysis is generally done either from sucrose and 
glucose biotransformation employing a catalytic cascade involving three glycoside 
phosphorylases, namely, sucrose phosphorylase (ScP; GH 13 family), cellobiose 
phosphorylase (CbP; GH 94 family), and cellodextrin phosphorylase (CdP; GH 
94 family) [57–59] or by hydrolyzing cellulose using cellulases [60]. Cellulase 
consortium predominantly contains three enzymes: (1) endo-1,4-glucanase 
(EG) (EC 3.2.1.4), responsible for the endo-hydrolysis of cellulose polymer at 
internal amorphous sites generating cello-oligomers (high DP); 
(2) cellobiohydrolases (CBH) (EC 3.2.1.91) or exo-1,4-glucanases, catalyze the 
exo-hydrolysis of crystalline cellulose at the reducing end to generate cellobiose 
and short-chain COS; and (3) β-glucosidases (βG) (E.C. 3.2.1.21), which hydrolyze 
the produced cellobiose to glucose monomers [61]. A controlled enzymatic hydro-
lysis of cellulose using different commercial cellulase combinations (CBH from 
Trichoderma longibrachiatum and EG from Thermothelomyces thermophila) has



been demonstrated to generate cellobiose. Cellulase combination (CBHI/EG5) in a 
ratio of 80:20 led to the generation of optimal yields (49.7% w/w) of cellobiose with 
the cellobiose/glucose ratio of 9.4 [60]. Details on the production of COS from 
lignocellulosic biomass and their prebiotic applications have been compiled by 
Avila et al. [62]. Production of cellobiose from organosolv-pretreated birch ligno-
cellulose hydrolysis using an optimum combination of cellulases (GH family 
5 endoglucanase sourced from Talaromyces emersonii, GH family 
6 cellobiohydrolase from Podospora anserina, GH family 7 cellobiohydrolase, 
and GH family 7 endoglucanase from T. thermophila with an accessory enzyme 
lytic polysaccharide monooxygenase from T. thermophila) led to production of 
cellobiose (22.3%) [63]. Zhou et al. [64] demonstrated an effective strategy to 
produce purified COS by simultaneous production of sugar monoesters to remove 
monosugars. This strategy resulted in an improvement in COS production from 33.3 
to 74.3%. On the other hand, controlled synthesis of ammonia- pretreated wheat 
straw depolymerization had been achieved using some of the adsorbed activities of 
cellulase cocktail obtained from A. niger. Cellulase adsorption (majorly 
exocellulase) on cellulosic biomass favored cellobiose synthesis, while the 
unadsorbed liquid fraction predominantly produced other COS [65]. Selective 
removal of β-glucosidase activity from cellulase pool resulted in a 36% increased 
COS production from corncob residue with a yield of 51.78% than single-stage 
hydrolysis [66]. 

12 Fungal Enzyme-Based Nutraceutical Oligosaccharides 353

12.3.4 Mannooligosaccharides (MOS) 

Mannans, consisting of D-mannose linked by β-1,4 mannosidic linkages, are found 
in coffee beans, locust bean gum (LBG), guar gum (GG), palm kernel cake (PKC), 
konjac gum (KG), ivory nuts, sugar beets, soybeans, etc. Mannans are of four types 
based on their glycosidic linkage and branching patterns [67, 68]. Oligomers of 
mannose, mannooligosaccharides (MOS), are classified into alpha or beta types. The 
α-MOS are mainly obtained by hydrolysis of yeast cell wall, while β-MOS are 
mainly produced by hydrolysis of plant mannans by chemical (acid/alkaline), 
physical (ultrasonic), or enzymatic (mannanase) means [69]. 

β-MOS are generated using enzyme consortia consisting of β-1, 4-mannanase 
(EC 3.2.1.78), β-mannosidase (EC3.2.1.25), α-galactosidase (EC 3.2.1.22), and 
β-glucosidase (EC 3.2.1.21) [15, 70]. According to the sequence similarity database 
of catalytic sequences, they are grouped into glycoside hydrolase (GH) families – 
5, 26, 113, and 134 (http://www.cazy.org/)  [71]. Several reports describe the pro-
duction of MOS from agro-industrial wastes using microbial β-mannanases 
[72]. Among these, fungal mannanases are for high-yield generation of MOS. 
Many fungal sources have been reported to produce β-mannanases that belong to 
family GH-5 and GH-26. Mannanases from Yunnania penicillata, Aspergillus 
nidulans, A. niger, A. oryzae, and Rhizomucor miehei have been reported to produce 
MOS [67, 71, 73–76]. Li and co-workers [77] engineered R. miehei β-mannanase 
and heterologously expressed in Pichia pastoris. This engineered mannanase

http://www.cazy.org/


produced 34.8 g MOS per 100 g dry palm kernel cake with 80.6% hydrolysis yield. 
Additionally, Penicillium oxalicum β-mannanase was employed to generate MOS 
from copra meal and coffee rests. Their hydrolyzed products were composed of 
mannose, M2, M4, and M6. Recombinant mannanase (1625 U/mL) was utilized for 
the production of MOS from copra meal and palm kernel meal. Copra meal 
generated M2 as major product, while mannose and M2 were the major products 
with smaller amounts of M3 in case of palm kernel meal [78]. β-Mannanase from 
Talaromyces trachyspermus generated mainly mannose and M2 from coffee waste 
and M2, M3, and M4 from locust bean gum [79]. 

354 R. Choukade and N. Kango

Among microbial sources, mannanases (mainly GH5 and GH26) from filamen-
tous fungus A. niger are the most widely studied for MOS production. Commercial 
production of MOS requires robust enzyme which is suitable for industrial 
applications [76]. A codon-optimized mannanase (AnMan26) from A. niger was 
expressed in Pichia pastoris, and titers to the tune of 22,100 U mL-1 were obtained 
in a 5-L fermenter. It had maximum specific activity toward locust bean gum and 
produced mannooligosaccharides from locust bean galactomannan (LBG). More-
over, it also resulted in the production of high DP MOS (1.8 × 103 Da) from partial 
hydrolysis of fenugreek gum [76]. β-Mannanases from A. oryzae, A. quadrilineatus, 
Aspergillus terreus, and thermophilic Malbranchea cinnamomea were characterized 
and used to produce MOS from LBG, guar gum, palm kernel cake, and copra meal 
[67, 80–82]. 

12.3.5 Xylooligosaccharides (XOS) 

Xylan is a low molecular weight (DP 80–200) plant polysaccharide mainly found in 
the form of cell wall hemicellulose. Xylans are branched polymers of (1 → 4) linked 
β-D-xylopyranosyl backbones. Branched chains may be substituted with ferulic 
acid, acetyl, 4-O-methyl glucuronic acid, p-coumaric acid, or an arabinose side 
group [8, 83, 84]. Plant hemicelluloses having xylose and arabinose with traces of 
uronic acid (glucuronic acid and 4-O-methyl derivative) are termed as 
arabinoxylans, while glucose linked xylan are termed as gluco-xylans 
[85, 86]. Xylooligosaccharides are (1 → 4) linked β-D-xylopyranose oligomers 
(DP 2–7) with varying properties such as degree of polymerization and structural 
properties depending upon the raw source used. Xylan may be extracted from plant 
cell wall using water [87], acid treatment [88], alkali [89, 90], dimethyl sulfoxide 
(DMSO) [91, 92], or hot and cold water under pressure [93]. Xylooligosaccharides 
can be produced by enzymatic hydrolysis of β-1,4-xylosidic bonds of xylan by endo-
1,4-β-D-xylanases (EC 3.2.1.8). Endo-xylanases mainly belong to glycoside hydro-
lase (GH) families 10 and 11, while some xylanases also belong to other GH families 
(5, 7, 8, 16, 26, 30, 43, 52, and 62) [94]. As an emerging prebiotic, XOS exhibit 
health benefitting properties such as bifidogenic potential [95] and increased calcium 
absorptivity, minimize colon cancer risk, and confer immune-regulatory properties 
[96]. They also display some other medicinal properties such as antioxidant, anti-
allergic, anti-inflammatory, and cytotoxic properties [94, 97]. Several fungal strains



such as Paecilomyces variotii, A. terreus, A. fumigatus, Penicillium glabrum, 
Sorangium cellulosum, Thermomyces lanuginosus, and M. cinnamomea have been 
reported to produce high titers of xylanases [98–103]. Xylanase secreted by 
P. variotii resulted in the generation of XOS composed of xylobiose (X2 14%), 
xylotriose (X3 27%), and xylotetrose (X4 23%), together with a small amount of 
xylopentaose (X5 18%) and xylohexose (X6 13%) and xylose (X1 0.8%) in 0.5 h 
hydrolysis of 1% w/v beechwood at 55 °C [94]. 
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Brenelli et al. [104] described an interesting approach using slight acetylation 
followed by hydrothermal pretreatment for improved XOS production from sugar-
cane straw (SS) catalyzed by Aspergillus nidulans xylanase (GH 10). The 
pretreatment strategy promoted 81.5% hemicellulose solubilization and resulted in 
XOS (X2, X3) yield up to 9.8%. Xylanase from T. lanuginosus produced XOS 
composed of X2 (66.46%), X3 (25.10%), and small amount of xylose (4.97%) from 
beechwood xylan [105]. Commercial xylanase from T. longibrachiatum produced 
44.43% XOS from Brewers’ spent grain over 12 h hydrolysis [106]. Endoxylanase 
from Streptomyces thermovulgaris was utilized to produce XOS (10.66%) from 
pretreated corn cobs [107]. Other raw sources such as coconut husk, finger millet 
seed coat, rice bran, sugarcane bagasse, wheat straw, etc. have been utilized for XOS 
production using bacterial and fungal xylanases [108–111]. Corn cob xylan (2% 
w/v) treated with partially purified T. lanuginosus xylanase for 8 h at 45 °C yielded 
6.9 mg/ml of XOS (X2, X3) [112]. 

12.3.6 Maltooligosaccharides (MaOS) 

Maltooligosaccharides (MaOS) are composed of 2–10 units of α-1,4-linked 
glucopyranose monomers. MaOS are generally produced from starch by the catalytic 
action of α-amylase (EC 3.2.1.1) [113]. MaOS generating amylases have been 
described from several bacterial species [114] and also from a few fungal species 
such as A. niger and A. nidulans [56, 115]. Kazim et al. [115] characterized the 
MaOS generating ability of an amylase (AmyG) sourced from A. nidulans. The 
AmyG generated DP3 to DP6 MaOS from starch hydrolysis. In another study, high 
concentration (1 μM) of A. niger amylase has been applied to hydrolyze corn starch, 
potato starch, and wheat starch for 12 h to generate MaOS (DP 1–3). The enzyme 
treatment produced a maximum of 16 mg/mL MaOS from potato starch while 
14 mg mL-1 from corn and wheat starch with trace amounts of DP 4 MaOS [56]. 

On the other hand, some reports of MaOS generating amylosucrase (EC 2.4.1.4, 
ASase) are also available. This enzyme exhibits glucosyltransferase activity and 
catalyzes MaOS synthesis using sucrose as the substrate. A comparative study on 
two-step and one-step production strategies of MaOS (DP 3–6) using bacterial 
amylases has been carried out by Zhu et al. [113].
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12.4 Nutritional Aspects of Prebiotic Oligosaccharides 

Pro-health properties of oligosaccharides made them a very important ingredient 
among functional foods. Most of the oligosaccharides are known to exhibit 
multifarious nutritional benefits through modulation of the gut microbiota towards 
healthy-gut environment [116, 117] and imparting antioxidant, immune-
booster effects, and high mineral (especially calcium and magnesium) absorptivity 
through gut epithelium [118]. Moreover, they also help in reduction of some 
metabolic disorders such as cardiovascular diseases (CVD) [119], inflammable 
Bowel’s disease (IBD), major depressive disorder (MDD) [120], and obesity 
[121, 122]. These properties have highlighted oligosaccharides as an important 
nutraceutical additive in food and feed industry, juice and beverage industry, 
cosmetic applications, medicinal applications, animal feed and livestock 
applications, etc. Recently, fructooligosaccharides and inulin (dried Jerusalem arti-
choke tubers) have been shown to produce positive effect on the pork quality and 
fatty acid profile. Improved antioxidant status, water-holding capacity, and a reduced 
shear force was observed. Furthermore, prebiotic addition in the pig diet improved 
the quality and shelf-life of the pork [122]. Prebiotic-enriched diet also contributed 
to a better weight gain and inhibition in diarrhea in piglets [123]. Inulin 
oligosaccharides may reduce the activity and expression of fat-generating enzymes 
in liver and inhibit the fatty acid synthesis and, therefore, can be used in fatteners 
[124]. XOS catalyzed from P. variotii xylanase exhibited potent antioxidant activity 
toward DPPH free radicals [94]. Gao et al. [118] determined the effect of GOS on the 
colonic mucosa of LPS-challenged piglets. GOS consumption resulted in reduction 
of reactive oxygen species (ROS) and malondialdehyde (MDA) and improvement in 
total antioxidant capacity in the injured piglets. Also, enhanced production of total 
short-chain fatty acids (SCFAs) was observed in LPS-challenged suckling piglets. 
Additionally, GOS significantly played role in immune modulation via reduced 
production of inflammatory molecules, interleukin 1β (IL-1β), interleukin 6 (IL-6), 
myeloid differentiation primary response 88 (MyD88), tumor necrosis factor-α 
(TNF-α), and cluster of differentiation 14 (CD14) in injured piglets. Recently, 
GOS have also been demonstrated to be beneficial in modulating gut microbiome 
of lactose-intolerant patients [116]. Probiotic growth promotion, anticancer, and 
antioxidant potential of MOS produced using fungal mannanase has been 
investigated by Jana et al. [125]. Another study described the evaluation of 
MOS-enriched diet for 60 days over the white leg Litopenaeus vannamei shrimp. 
MOS diet amended the productivity by 30% improved survival of shrimps. Next-
generation sequencing suggested that MOS improved the Actinobacteria (28%) as 
predominant gut microbiota and inhibition in opportunistic pathogens such as 
Bergeyella, Vibrio, Aeromonas, and Shewanella [126]. Prebiotic potential of birch-
and spruce-derived COS against Lactobacillus and Bifidobacterium has been 
demonstrated. Growth rate and cell density of probiotic strains was improved in 
the medium comprising COS as sole carbon source [63]. Similar to other 
oligosaccharides, MaOS are important functional food ingredient with low sweet-
ness and osmolality and high water-holding capacity which may be utilized as



sucrose substitute [127–129]. They also exhibit immunomodulatory properties and 
participate in improved colonic microbiome with the reduction in pathogenic 
microbes [113, 130]. 
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12.5 Conclusions and Future Prospects 

Oligosaccharides, particularly FOS and GOS, are most explored prebiotics, while 
nutraceutical propertied of MOS, COS, XOS, and MaOS are being explored toward 
disease alleviation. Fungal enzymes (either hydrolases or transferases) are a good 
source for commercial preparation of these oligosaccharides from raw agro-waste 
sources. Production yield, biological properties, and the ease of commercialized 
production of nutraceutical oligosaccharides are majorly dependent on the source 
and catalytic properties of these fungal enzymes. Industrial process requires 
improved catalytic properties such as stability over a broad range of pH and 
temperature, high product yield, utilization of waste biomass as substrate, high 
shelf life, etc. Fungal enzymes are suitable with respect to these parameters; there-
fore, they are being a hot-spot for applied research on oligosaccharides for functional 
food industries. 
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Abstract (A Smarter Way to Make Protein) 

Fungi are among the most versatile organisms on Earth, with innovative 
applications in all three pillars of the emergent alternative protein sector— 
plant-based, fermentation-enabled, and cultivated proteins. Just like the diversity 
of fungi, the variety of food uses continues to grow exponentially in all directions, 
now including fungi-based flavoring agents, yeast-based proteins, cultivated meat 
scaffolds, and even whole-cut alternative meats—thick, three-dimensional meat 
products that biomimic animal products like steaks and chicken breasts—created 
through solid-state fermentation. This versatility creates lucrative opportunities 
for innovative startups, scientists, and legacy food brands to develop products and 
technology platforms that capitalize on one of the fastest-growing food industry 
categories. 

uniquely well-positioned to dominate these new fungi protein production 
categories if key stakeholders from academia, government, and the private sector 
work collaboratively to align their ambitions and resolve industry bottlenecks. 

growth and diminishing natural resources, harnessing fungi’s potential to produce 
delicious and affordable alternative meat, dairy, and egg products could almost 
single-handedly resolve the global protein deficit without depleting the oceans or 
chopping down the rainforests in the process. It’s simply a smarter way to make 
protein. 
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13.1 Introduction 

In the 30-year span between 1989 and 2019, global meat production nearly 
doubled—from 174 to 337 million tonnes—driven in large part by emerging 
economies [1]. The most substantial growth in meat consumption per capita has 
occurred in Asia, particularly in China. 

The forecast for the future is even more dire. As shown in the figure below, under 
a business-as-usual scenario, economic growth and rising incomes are expected to 
drive Asia’s appetite for conventional meat and seafood to increase by 78% from 
2017 to 2050 (Fig. 13.1) [2]. 

These dramatic increases have manifold negative impacts on our planet. Beef 
production is the top driver of deforestation globally, with cattle ranching directly 
associated with 80% of current Amazon deforestation. Animal-based agriculture is 
responsible for between 20 and 33% of all freshwater consumption in the world, 
surpassing the 19% used for industrial water withdrawal and the 11% for all 
municipal and household purposes. Global greenhouse gas (GHG) emissions by 
the livestock sector alone exceed emissions by all cars, trains, ships, and airplanes in 
the world combined and contribute more than the overall GHG emissions of the 
United States. 

Fig. 13.1 Asia’s projected meat and seafood consumption growth, 1961–2050
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In a 2021 report titled The Need for Change: Impact of Animal-based Diets on 
Natural Resources, Climate Change, and Human Health, Dr. Albert T. Lieberg, a 
senior advisor to the United Nations, warned that “Our collective overreliance on 
resource-intensive foods—particularly those produced from animals—has strained 
the viability of vital ecosystems and the capacity of our limited natural resources in a 
potentially irreversible way, and contributed to a skyrocketing global obesity rate 
and serious medical concerns that jeopardize humans’ ability to live healthy, pro-
ductive lives. We cannot afford to continue externalizing the negative impacts of 
current food systems and related dietary patterns, or perpetuating practices that 
knowingly degrade the air, water, and land we all rely on. Rather, we must embrace 
the technological developments taking place within the food sector that will allow 
both our communities and industries to thrive for the long term.” [1] 

Fungi-based proteins play a central role in building a more robust global food 
system that is better equipped to handle the escalating pressures of skyrocketing 
protein demand, increased climate disruption, and threats of viral outbreaks. 

Nutrient-dense ingredients like mycoprotein—produced through biomass 
fermentation—leverage the fast growth of microorganisms to efficiently produce 
large quantities of protein. The microbial biomass itself serves as an ingredient with 
the cells intact or minimally processed to a protein concentrate. Producing protein 
through this method carries many advantages over traditional crop agriculture. For 
example, while crop plants typically require growing seasons of weeks or months, 
the doubling time of most microorganisms is hours or even minutes. Fermentation 
capitalizes on the fundamental biological property of exponential growth, meaning 
that every growth cycle doubles the available biomass. When performed at the scale 
of hundreds of thousands of liters, these processes generate tens of tonnes of biomass 
every hour. 

As population growth and urban sprawl continue to deplete available arable land, 
fungi offer an opportunity to produce sufficiently large volumes of protein to meet 
rising consumer demand while depleting a tiny fraction of water and land required 
for conventional animal protein. Indeed, many fungi that naturally lend themselves 
to replicating the taste and culinary experience of meat, like lion’s mane mushroom, 
require no farmland at all, because they can be grown vertically in densely populated 
cities. Similarly, mycoprotein is grown in vats, thereby liberating its production from 
any traditional agricultural and geographical constraints [2]. 

Despite these promising attributes, market success for fungi-based proteins is by 
no means inevitable. Compared to investments in other ascendant sectors of the 
economy, like renewable energy and transportation, the food sector has received a 
comparatively tiny amount relative to its potential climate impact [3]. Substantial 
funding from both the public and private sectors—specifically geared toward open-
access scientific R  & D—is needed to unlock fungi’s potential as an alternative 
protein source. 

In this chapter, we will outline both the known food applications of fungi-based 
proteins and spotlight areas where further scientific research could break through 
industry bottlenecks and deliver the delicious and affordable proteins needed to 
reliably sustain our growing population.
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13.2 Traditional Food Applications of Fungi 

Fungi have long been consumed for both food and medicinal purposes, with records 
of various applications in ancient Egyptian murals and Greek writings and docu-
mentation in Chinese and Japanese traditional medicine. Fungi-based fermentation 
products like soy sauces, tempeh, sake, koji, oncom, angkak, miso, and hamanatto 
have been widely used throughout Asian cuisines. In western countries, preparation 
of mold-ripened cheeses like camembert, brie, roquefort, and blue stilton cheese, as 
well as fermentation of leavened bread using yeast, has been among the more 
common fungal applications. Instances of cereal fermentation using a mixed culture 
of Lactobacillus and yeast to produce beers and fermented porridges can be found in 
African traditional culture [4]. The production of edible mushrooms—including 
button mushroom, shiitake, Chinese or straw mushroom, winter mushroom, oyster 
mushroom, and truffles—is a common practice observed around the world. 

Broadly speaking, fungal fermentation can be divided into three categories: 

1. Natural fermentation: Uncooked ingredients undergo fermentation without the 
addition of any external fungal culture. Commonly known foods include idli and 
naan. The fermentation occurs due to the presence of microbes in the ingredients 
or the utensil surfaces. 

2. Starter-mediated single-stage fermentation: In this case, the ingredient or sub-
strate is cooked, and starter media in the form of spores or mycelium is added to it 
to initiate the fermentation process. The fermented products are cooked before 
consumption. Indonesian staples like tempeh and oncom are produced by this 
method. 

3. Multi-stage fermentation: In this case, solid-state fermentation—where microbes 
are inoculated onto a moistened solid feedstock that may be enclosed or even 
grown in open air, leading to the production of digestive enzymes—is followed 
by liquid-state or solid-state fermentation involving the breakdown of 
carbohydrates and proteins. Typical products made from this type of fermentation 
include rice wine, soy sauce, and vinegar. 

Building on the knowledge gained through traditional food applications, a new 
ecosystem of fungi-based alternative proteins has emerged with the potential to 
perform a similar dietary role to conventional animal proteins on consumers’ plates. 

Fermentation as a platform can be utilized in three ways for applications in the 
alternative protein space. The first route is through traditional fermentation in which 
fungi are used to ferment a target substrate to enhance its sensorial or textural 
properties for improved product properties. The second route is biomass fermenta-
tion to produce whole biomass like filamentous fungi and yeast for proteins, flavors, 
or textured alternative meats. The third route is precision fermentation, which 
generally uses recombinant DNA technology to exploit fungi as a platform for 
production of highly specific compounds. This chapter focuses on fungi-based 
alternative protein applications using the first two fermentation routes.
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13.3 Applications of Fungi for Use in Alternative Proteins 

Alternative proteins are designed to replace conventional meat, seafood, eggs, and 
dairy by competing on taste and price. To date, no alternative protein product both 
tastes the same as animal protein or better and costs the same or less. Yet the pace of 
food technology innovation has been impressive, scaling up along a similar trajec-
tory to electric cars or renewable energy and consistently improving on overall taste 
quality. As a result, alternative proteins are increasingly attractive to consumers, and 
fungi are poised to play a critical role in that shift. 

13.3.1 Traditional and Solid-State Fermentation Using Mushroom 
Mycelium 

One of the most promising applications of solid-state fermentation for fungi-based 
alternative meat products is the creation of whole-cut meats from mushrooms. 

Given the range of mushroom species available, food producers can be highly 
selective in picking ingredients that naturally lend themselves to replicating the 
flavor of conventional animal proteins. Laetiporus sulphureus, for example, which 
has been nicknamed the “chicken of the woods” is popular for its chicken-like taste 
when cooked. Hericium erinaceus, also known as lion’s mane mushroom, is known 
for its close resemblance to crab and other seafoods. Hypomyces lactifluorum, also 
known as lobster mushroom, tastes similar to its namesake crustacean. [Lobster 
mushroom is, in fact, not a mushroom, but a parasitic ascomycete fungus that feeds 
on other mushroom species and distorts their shape and color.] Pleurotus ostreatus, 
commonly known as oyster mushroom, is known for tasting like scallops and bacon 
upon cooking. Russula xerampelina, also known as the crab brittlegill or shrimp 
mushroom, and Entoloma abortivum, nicknamed the “shrimp of the woods” have a 
taste profile similar to shrimp. 

Given their taste and textural similarities, it’s possible to scientifically map the 
various edible mushroom species that mimic meat and seafood and evaluate the 
feasibility of using both traditional mushroom fruiting body cultivation techniques 
and modified solid-state fermentation to grow mushroom mycelium for whole-cut 
alternative meat and seafood products. Leveraging culinary expertise from chefs 
would also aid species selection and development of post-processing techniques to 
create mushroom-based products. 

As an example, Atlast Food Co., a spinout from materials company Ecovative, is 
utilizing solid-state fermentation to produce whole-cut meats from mushroom myce-
lium like those shown below. Other companies like Savory Wild, Pan’s Mushroom 
Jerky, and Jewels of the Forest are selling mushroom jerky as substitutes for 
conventional meat. While the market for mushroom jerky products is relatively 
small compared to whole-cut meats, these products can help build consumer aware-
ness about the versatile applications of mushrooms in the alternative protein 
sector (Fig. 13.2).
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Fig. 13.2 Mycelium bacon, produced by Atlast Food Co
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Other startups developing whole-cut meats using fungi include Meati (steak and 
cubed chicken breast) and Aqua Cultured Foods (whole-cut fish). Both are currently 
focused on building up their production capacity and do not yet have products 
widely available in the market. 

In another instance, Fotortec, a Chile-based startup, has created several 
ingredients from oyster mushrooms with different applications in the alternative 
protein sector. F1 flavor enhancer is one such ingredient made out of dehydrated 
edible mushrooms which amplifies the umami flavor without drastically impacting 
the sodium content of a food product. Other ingredients that Fotortec is exploring 
include a texture enhancer and mushroom-derived protein isolate, which can be used 
for creating desired alternative protein products. 

Fungi can also play a central role in mitigating the existing constraints of common 
alternative meat ingredients. Plant-based protein sources like soy and pea protein 
suffer from the disadvantage of retaining off-flavors, which connote beany and green 
tastes due to the presence of aldehydes, ketones, furans, and alcohols. Fermentation 
is one approach to reduce these off-flavors. Drs. Cynthia El Youssef and Pascal 
Bonnarme have demonstrated that when used to ferment pea proteins, a combination 
of lactic acid bacteria with various yeast species including Kluyveromyces lactis, 
Kluyveromyces marxianus, and Torulaspora delbrueckii led to a significant reduc-
tion in green off-flavor notes as indicated by a sensory evaluation [5]. American 
startup MycoTechnology has also used shiitake mycelium to ferment a blend of pea 
and rice protein to improve the flavor, functionality, bioavailability, and nutrition of 
the plant-based protein. 

13.3.2 Submerged Fermentation for Filamentous Fungi Biomass: 
The Quorn Story 

While filamentous fungi are known to produce a wide range of products like 
antibiotics, organic acids, enzymes, and heterologous proteins, the most commonly 
known food application is the protein-rich product Quorn, marketed by Marlow 
Foods. The key advantage of using filamentous fungi is the ability to utilize the 
whole biomass for creating an alternative meat product using simple processing 
techniques that don’t rely on traditional texturization technology like extruders. 

Case Study: Production of Filamentous Fungi Under the Quorn Brand 
In the late 1950s, there was growing interest in single-cell protein sources due to the 
anticipated shortage of protein-rich foods by the 1980s. The lower cost associated 
with manufacturing, ease of harvesting and scale-up, and desirable essential amino 
acid profile made filamentous fungi an attractive option for exploration. Compared 
to other microorganisms, filamentous fungi were found suitable for further research 
because of the demonstrated use of Rhizopus oligosporus species in foods such as 
tempeh and the desirable organoleptic properties making it appropriate for food 
applications. Fusarium venenatum A3/5 was the first filamentous fungus used to 
create alternative meats. The development of filamentous fungi as a source of protein



by the British company Rank Hovis McDougall (RHM) began in the 1960s. The 
strain was screened from a pool of 3000 different fungi over 3 years. It took 12 years 
of intensive research and testing to establish that the strain was safe for human 
consumption and to get approval from the Ministry of Agriculture for utilization of 
Fusarium venenatum A3/5 as food in 1984. Various tests carried out to secure 
approval included toxicology testing, animal feeding trials, human trials with 2500 
volunteers, and storage stability. No adverse effects on animals or immunological 
responses among humans were found. The UK Food Standards Committee coined 
the term “mycoprotein” as a generic name for food products derived from filamen-
tous fungi. The filamentous fungi-based products from Marlow Foods are labeled 
under the brand name Quorn. Additional toxicological testing of Quorn products by 
AstraZeneca was carried out in 1996 to secure approval from the US Food and Drug 
Administration for the sale of Quorn products in the United States [6].. 
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The manufacturing process of Quorn products involves several steps that in 
combination help align and bind the fibers of mycoprotein together. To develop 
the characteristic texture of Quorn products, a series of steaming, chilling, and 
freezing processes are employed. Mycoprotein is made in fermenters more than 
40 m high, which run continuously for at least 5 weeks at a time. For the production 
of filamentous fungi on a large scale, a joint venture between RHM and Imperial 
Chemical Industries (ICI) was established under the name Marlow Foods Limited. 
While RHM had worked on developing the product, ICI provided the manufacturing 
facility including the fermenters. 

Manufacturing Process 
From a manufacturing standpoint, several configurations of liquid-state fermentation 
setups were evaluated for Fusarium venenatum. Batch and fed-batch processes have 
already been used at an industrial scale for the production of various high-value 
products such as enzymes, antibiotics, and other pharmaceutical compounds. How-
ever, a continuous flow process was preferred for the production of Fusarium 
venenatum biomass due to the higher productivity and convenience of running the 
fermentation process up to 6 weeks. 

Up until 1994, a 40m3 airlift fermentor designed by ICI for growing bacteria was 
utilized for the production of Fusarium venenatum biomass with a capacity of 1000 
tonnes of annual production of Quorn mycoprotein. Subsequently, two 155m3 airlift 
fermenters were built, increasing the production capacity to 10,000–14,000 tonnes 
per annum [7]. 

To start the process, the fermenter is inoculated with 50 g of biomass in 5 L of 
batch culture. The continuous production starts 4 days after inoculation. The airlift 
fermenter is designed in such a way that the gaseous phase, including ammonia and 
sterilized air, is input through a riser at the bottom of the fermentor. The gaseous 
phase is dispersed in the culture in the form of bubbles, which allow for efficient 
mass transfer. As the gaseous phase rises with the culture, the oxygen concentration 
reduces, and CO2 concentration increases. At the top of the fermenter, CO2 is 
released due to low pressure, and culture enters the downcomer where it is redirected 
to the riser and the circulation of hyphal filaments continues due to the relative



difference in densities between the culture in the downcomer and the aerated culture 
in the rising section. Since this is a continuous process, the biomass is removed after 
every 5–6 h.  
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Process Conditions and Nutrient Media 
The nutrient media required for the growth of filamentous fungi includes nitrogen 
and oxygen from sterilized compressed air, ammonia, glucose, biotin, minerals, and 
other trace elements. All nutrients need to be sterilized to prevent contamination. The 
pH is maintained at 6.0 and ammonia flow is controlled to maintain this pH. The 
temperature range of 28–30 degrees Celsius is also maintained through a heat 
exchanger with external cooling coils to remove heat generated during biomass 
production. The CO2 evolution rate indicates the biomass concentration and, thus, 
can be used to control the nutrient flow rate. The nutrient solution or the liquid phase 
is fed at a dilution rate in the range of 0.17–0.2 h.- 1 to achieve the target maximum 
growth rate of 10–15 g/l. [7] Here, glucose is maintained in excess. The growth rate 
is maintained in this range to prevent the production of toxic secondary metabolites. 
Since this is a continuous fermentation process, the product is harvested 
continuously. 

Post-processing and Harvesting 
Before harvesting the biomass, it is necessary to bring down the nucleic acid content. 
As per WHO recommendation, human ingestion of RNA from single-cell protein 
sources should be less than 2 g RNA per day and less than 4 g total nucleic acid per 
day. The RNA content in filamentous fungi is in the range of 8–9%, which limits the 
daily consumption of biomass to 20 g. To overcome this limitation, the biomass is 
subjected to thermal shock by raising the temperature to 68 degrees Celsius for 
20–30 mins, leading to disruption of ribosomes, activation of endogenous ribonu-
clease, and subsequent breaking down of RNA to nucleotides, which get transferred 
to the culture broth through diffusion. The RNA reduction process leads to 1% (w/w) 
concentration of RNA and also leads to loss of protein. 

Due to the filamentous nature of Fusarium venenatum, it is much easier to harvest 
compared to other single-cell protein sources like bacteria and yeast. After the 
thermal shock and diffusion of RNA into culture broth, mycelium suspension with 
an initial concentration of 1.5% (w/w) solids is heated to 90 degrees Celsius and 
centrifuged to get to a concentration of 20–30 percent (w/w) solids. The high-
temperature extraction does not impact the fibrous texture or organoleptic properties 
of the products [8]. The pasty material obtained after harvesting is chilled to 
4 degrees Celsius and undergoes a mechanical process leading to the alignment of 
filaments of fungi to form a fibrous structure. Other ingredients for color, flavor, and 
binding to stabilize the aligned fibers are added, and the resulting material is steam-
cooked for 30 mins, then chilled. Depending on the final product, the material can be 
shaped using traditional food processing equipment and frozen for storage. Freezing 
plays an important role as the ice crystals bring the fibers closer to create bundles 
giving the product a meat-like texture.
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Initially, Quorn products were simply marketed as a healthy food with low fat, no 
cholesterol, and high dietary fiber. However, owing to the texture of Quorn products 
and early evidence from consumer surveys in the 1990s indicating that the UK 
population was moving toward lower red meat consumption, Marlow Foods started 
positioning Quorn as a meat replacer with a product range that includes mince, 
chicken-style pieces, sausages, burgers, and ready-made meals. 

13.3.3 Application of Fungal Biomass for Cultivated Meat 

Cultivated meat is genuine animal meat (including seafood) that is produced by 
cultivating animal cells directly. This production method eliminates the need to raise 
and farm animals for food. 

While filamentous fungi have obvious applications in the alternative protein 
sector, there are also emerging opportunities for mycelium-based scaffolding 
materials and production of flavoring and stabilization agents. 

Scaffolding provides structural support for cells to adhere, differentiate, and 
mature, making it crucial for the creation of structured meat products like steak. 
Approaches for utilizing fungi for the development of scaffolding materials include 
the use of chitin/chitosan derived from the fungal cell wall. The use of 
chitosan-based scaffolds has been demonstrated to support myoblast adherence 
and differentiation; it can form a scaffold with mechanical properties compatible 
with meat-relevant cells and is already used in edible coatings in the food 
industry [9]. 

Chitosan is formed by the alkaline deacetylation of chitin which impacts the 
physical, chemical, and biological properties of scaffolds [10]. The degradation of 
chitosan depends on the degree of deacetylation. This property can be used to 
customize scaffolding material used as per desired application. Biodegradable 
chitosan with a controlled degradation rate can act as a temporary matrix for cell 
adhesion [11–13]. Thus, chitin or chitosan-based scaffolds can be a potential sub-
strate for cultivated meat products. Dr. Natalie Rubio has described chitosan as a 
promising scaffolding material for cultivated seafood production in particular, as it is 
edible, is well-referenced in tissue engineering research, is an accessible biopolymer, 
and can be cast as membrane, hydrogels, and sponges [14, 15]. Also, fungal chitosan 
is non-allergenic and approved for human consumption as a food additive or 
nutrition supplement [16–18]. 

While growing cells on chitosan is possible, the lack of recognition motifs that 
signal cell adhesion and migration limits their functionality. However, this limitation 
can be overcome by modifying the properties of chitosan by blending it with other 
polymers to resemble native tissue [19]. 

The majority of chitin production relies on by-products from the shellfish indus-
try. Thus, there is an opportunity to leverage fermentation platforms to obtain 
scalable production of non-animal fungi-based chitin, which can then be utilized 
for cultivated meat applications. Identifying species and strains that can produce 
high quantities of chitin and developing appropriate downstream processing steps to



valorize different fungal components including chitin will play a key role in bringing 
down the cost of fungi-derived chitin and demonstrating the viability of animal-free 
chitin production systems for cultivated meat applications. Chitin derived from 
Aspergillus niger and Pleurotus ostreatus is already sold in the market. Fungi-
derived chitin also has a key advantage of being allergen-free compared to 
crustacean-derived chitin. 
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Fungal mycelium can also be utilized for building the scaffolding matrix, because 
its textural profile can provide a desired mouthfeel and umami flavor associated with 
meat. Excel™ Scaffolding, created by Ecovative’s Mycelium Foundry One, is an 
example of an edible cell scaffold that can be used for the development of whole-cut, 
cultivated meat products. Mycelium is used to grow an edible 3D matrix of micro-
structure matrices to support the adhesion of cells and the growth of cells into 
differentiated tissues. Similarly, India-based startup Myoworks is developing an 
edible scaffolding technology from mycelium for cell adhesion, growth, and prolif-
eration for cultivated meat applications. More open-access research focused on 
exploring various species and strains optimized for creating edible scaffolding 
materials from fungal mycelium would help accelerate the development of cultivated 
meat and seafood products. 

13.3.4 Yeast as a Source of Single-Cell Protein (SCP) 

There are very few companies focused on using single-cell proteins from yeast for 
alternative protein applications. However, due to the prevalent use of yeast in the 
alcoholic beverage and baking industries, yeast as a microorganism is not only a 
source of protein but also comes with years of established knowledge on production 
through fermentation with existing infrastructure. For alternative protein 
applications, yeast biomass or protein isolates with a neutral taste, color, and odor 
obtained by choosing the right strains from existing as well as novel strains created 
through breeding techniques will be a critical step for the development of the fungi 
value chain. With fairly well-established production systems and downstream 
operations, the focus on strain selection and process optimization for strains of 
interest will enable the utilization of yeast-based ingredients for the alternative 
protein sector. 

There are several advantages of using single-cell biomass like yeast as a source of 
protein compared to traditional sources of food, especially animal-based sources 
[20], including: 

1. Ability to manipulate microbial quantity as well as a composition by using 
different strains, species, nutrient media, and processing parameters 

2. High efficiency of substrate conversion 
3. High productivity or growth rate of biomass 
4. No dependence on seasons and variation in atmospheric conditions 

Low cell wall digestibility and high content of nucleic acid are the key areas that 
need to be addressed for making yeast-based proteins suitable for human



consumption. Compared to bacteria, yeast is easier to harvest due to its larger size 
and has lower nucleic acid content, higher lysine content (an essential dietary amino 
acid), and the ability to grow in acidic pH. Yeast also has wider acceptance in food 
applications for human consumption due to traditional usage in the baking industry. 
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13.4 Overview of the Fungal Value Chain for Alternative Protein 

Depending on the application area, the value chain for utilization of fungi-derived 
ingredients will differ. However, there are three key steps involved in the production 
of fungi and subsequent utilization of fungi-based ingredients irrespective of end 
application. The process can be broken down into three broad categories: strain 
selection involving screening of suitable strains, production involving biomass 
production in manufacturing scale while maintaining sterile conditions, and down-
stream processing involving destruction of RNA or other toxic compounds, 
harvesting, and concentration of biomass followed by extraction of target 
compounds. These have been described in the chart below (Fig. 13.3). 

The specific steps involved in the production of yeast, filamentous fungi, and 
mycelium as sources of protein are similar in nature. Other ingredients like enzymes 
and chitin can be extracted downstream, while the upstream production steps remain 
the same. The choice of technology at each stage of the value chain will differ due to

Fig. 13.3 Typical steps involved in the production of fungi-based ingredients



the differences in the morphological and metabolic properties of the yeast, filamen-
tous fungi, and mycelium. For example, baker’s yeast is typically produced in a 
fed-batch fermentation system running up to 20 h, while filamentous fungi like 
Fusarium venenatum are produced in a continuous fermentation system running for 
a period of 6 weeks (Fig. 13.4). Even though both species of fungi can be produced in 
a liquid-state fermentation, the configuration and type of bioreactors used may differ.
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Fig.13.4 The value chain for fungal production using liquid-state or semi-solid-state fermentation 

Comparatively, the rules of scaling up or scaling out production systems for solid-
state fermentation are not as well-established as in the case of liquid-state fermenta-
tion. The value chain for solid-state fermentation has been depicted 
below (Fig. 13.5): 

Fig. 13.5 The value chain for fungi production using solid-state fermentation
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13.5 Nutritional Benefits of Fungi-Based Proteins 

For fungi-derived proteins to compete with existing protein sources, the nutritional 
profile, digestibility, and functionality of these proteins need to be either the same or 
better than animal- or plant-based proteins. A key indicator of protein quality is its 
amino acid profile. Since not all amino acids are produced in the human body, the 
essential amino acids (EAA) need to come from external protein sources like food. 
The protein quality from fungi depends on various intrinsic and extrinsic factors 
such as choice of fungal strain, production system, growth media and nutrients 
supplied, and downstream processing. 

Depending on the species used, fungi contain a protein content ranging from 15 to 
50% on a dry weight basis, all essential amino acids, high dietary fiber coming from 
the chitinous cell wall, high vitamin B content, low fat, and no cholesterol. The crude 
protein content in edible mushrooms also varies depending on their stage of 
development [21]. 

Proteins in edible mushrooms are rich in glutamic acid, aspartic acid, and 
arginine. The reported essential amino acid profiles of edible mushrooms also 
show that mushrooms have a relatively lower content of sulfur-containing amino 
acids like methionine and cysteine but are rich in threonine and valine [22]. Though 
the free amino acid content in dried edible mushrooms is low, the presence of 
aspartic acid and glutamic acids is responsible for their umami flavor [23]. Addition-
ally, mushrooms are a good source of vitamins such as riboflavin, niacin, and folates. 
The vitamin B2 content in mushrooms is higher compared to vegetables, and some 
varieties of Agaricus bisporus have content as high as conventional eggs and 
cheese [24]. 

When screening strains and optimizing production systems for fungi, the amino 
acid profile should be targeted such that it meets the FAO reference standards on the 
recommendation of essential amino acid content in a protein mix. It would be 
advantageous to have amino acid profiles superior to proteins derived from eggs 
and soy. This can be evaluated using the essential amino acid index (EAAI), which 
relates the content of each essential amino acid in a protein to the amino acid content 
in egg protein. 

Apart from the amino acid profile, protein bioavailability and digestibility are 
crucial parameters that indicate the absorption of nutrients in the human body. The 
protein digestibility-corrected amino acid score (PDCAAS) is an index 
recommended by FAO in 1989 (Table 13.1). The nutritional profiles of edible 
filamentous fungi-based products like Quorn and Promyc (a fungi-based and 
fermented ingredient produced by Mycorena) are available in the public 
domain (Table 13.2). 

The PDCAAS for mycoprotein as reported in scientific literature is 0.996, which 
is close to that of chicken and milk. Mycoprotein also contains all essential amino 
acids, making it a complete protein source [25]. The bioavailability of mycoprotein 
has been demonstrated to be similar to that of milk protein and significantly better 
than wheat-based and soy-based protein. This is a compelling contrast to draw given



Table 13.1 Comparison of bioavailability and essential amino acid profiles of various protein
sources

Table 13.2 Nutritional composition of mycoprotein per 100 g (wet weight)
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that wheat-based and soy-based proteins are the baseline standard among plant-
based meats and mycoprotein carries distinct advantages over them.
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According to a recent study conducted on a group of healthy young men, the 
ingestion of 60 g of mycoprotein created an optimal blood amino acid response for 
muscle protein synthesis [26]. 

Mycoprotein also contains high dietary fiber composed of polymeric n-acetyl 
glucosamine (chitin) and beta 1–3 and 1–6 glucans, in the range of 12–20% by dry 
weight. Studies have demonstrated that consumption of this type of fiber can provide 
relief from joint pain in osteoarthritis, stimulate beneficial bacteria in the colon, and 
improve glycemic profile [27–29]. In addition to this, mycoprotein fiber can impact 
satiety and lower cholesterol. According to a study with a test group, individuals 
who consumed mycoprotein for lunch ingested up to 24% fewer calories in dinner 
the same day and the following day. This feeling of fullness after a mycoprotein 
consumption is attributed to the protein and fiber content in mycoprotein. Hence, a 
mycoprotein diet can impact hunger and total calorie intake making weight loss 
easier [27, 30–32]. 

13.6 Marketing the Nutritional Benefits of Fungi-Based Protein 

The vast majority of consumers who purchase alternative proteins—up to 98% in 
markets like the United States—also purchase conventional meat products [33]. Con-
sumer studies by Mintel and other research firms show that one of the primary 
drivers of such “flexitarian” purchases is the desire “to be healthier.” [34] 

This motivation to consume healthier foods creates favorable conditions for 
innovative fungi-based proteins to thrive, but only if they’re advertised in a strategic 
way. While consumers do want to make healthy choices, they don’t want to feel like 
they will be sacrificing on flavor to do so. Walking the line between emphasizing the 
positive attributes of fungi-based proteins while also avoiding language that could be 
interpreted as restrictive (e.g., framing alternative proteins as “light and low carb”) is  
critical to achieving market success. 

Fortunately for fungi-based proteins, there are many positive attributes that can be 
emphasized to make this case:

• Taste is the attribute most likely to drive purchase intent for all age groups and 
diet types. Using positive, indulgent language that emphasizes taste and flavor is 
much more effective than positioning dishes as the “better” choices [35]. Positive 
taste connotations can be generated by a number of factors, including vivid, 
tempting imagery of the product on packaging; bright, saturated colors on a 
dark or light background; and visibility of the product through the packaging 
when it looks similar to its conventional meat counterpart, as many fungi-based 
proteins do [36].
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• Familiarity and tradition are also strong positive drivers of purchase intent. 
Consumers are more likely to purchase products that appear familiar to them 
than those that appear novel. Omnivore consumers like products that look 
comparable to their conventional meat counterparts and language that isn’t 
unusual or incongruous [36].

• Consumers say that protein is the most popular attribute in alternative meats, so 
spotlighting the fact that mycoprotein actually has a higher protein content 
percentage than many conventional meats like pork can demonstrate superiority 
over animal-based food products [2].

• As mentioned above, mycoprotein also contains essential amino acids and fiber, 
but is low in fat, making it a desirable food source for consumers trying to limit 
their fat intake while maintaining a high-protein diet [37]. 

It is recommended to sell fungi-based proteins in the same retail locations where 
conventional meat, dairy, and eggs are found. Studies have shown that 76% of 
consumers want to find alternative proteins in the conventional meat aisle and frozen 
area where they already shop [38]. This makes intuitive sense because the vast 
majority of alternative protein purchases are made by omnivorous consumers, so 
relegating products to a niche section aimed at health-conscious or vegetarian 
consumers will render them largely invisible to a receptive audience. 

Similarly, altruistic benefits, such as improved animal welfare and lighter envi-
ronmental impact of the products, are low in the importance hierarchy for omnivore 
consumers and unlikely to drive purchase intent. These considerations are more 
likely to appeal to millennials than to any other demographic group, but they are still 
less important than taste, familiarity, and health [38]. 

13.7 How the Alternative Protein Sector Could Boost Food 
Production in India and Deliver High-Quality Livelihoods 
for Local Producers 

The traditional applications of fermentation at a household level discussed in earlier 
sections demonstrate that it is possible to create fungi-derived products at a small 
scale. Even today, cheese-making and wine-making operate at various scales, and 
small-scale local production is common for these processes. Kombucha preparation 
using a symbiotic culture of bacteria and yeast (SCOBY) at a household scale is a 
known practice. While liquid-state fermentation may require some degree of process 
control, solid-state fermentation as in the case of mushroom cultivation can be easily 
scaled out and facilitate income generation for small-scale producers. 

Scaling down and decentralization of fermentation can be leveraged to not only 
cater to various application areas in the alternative protein sector but also meet 
nutritional needs in low-income, resource-scarce, and isolated regions where protein 
deficiency is a key concern due to limited access to high-quality affordable protein



sources. Fungi are an excellent choice for the production of proteins due to their 
ability to transform readily available carbohydrates (including simple sugar, of 
which India produces a glut) into proteins and provide biomass with all essential 
amino acids, high dietary fiber, high vitamin content, low fat, and no cholesterol. 
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Local production of fungi through small-scale decentralized units offers the 
flexibility to utilize a wide variety of feedstocks, including those coming from side 
streams of agriculture and food processing, as well as excess unsold produce. As a 
spillover effect, this will facilitate income generation for farmers and small-scale 
producers while also helping to meet the needs of the local community. For such a 
model to be successful, an upstream strategy needs to be developed to ease the 
process of technology adoption and knowledge transfer to local producers. Strains 
need to be optimized for local environmental conditions and available feedstock to 
obtain maximum productivity. Strains can also be optimized to meet the specific 
nutritional requirements of the community. 

To ensure safe operation for a liquid-state fermentation unit, training for 
operating, maintaining, and cleaning small-scale bioreactors needs to be provided. 
The design of the setup should be such that it leads to no contamination and minimal 
human touchpoints for handling the biomass. Operating protocols need to adhere to 
good manufacturing practices. To ensure food safety and quality, training personnel 
for microbiological and chemical assessments is also critical. Recipes relevant to the 
community’s culinary preferences should be co-developed to ensure the adoption of 
the food product by local consumers. 

Mushroom cultivation is a technologically mature practice with policy support 
from the Indian government to not only train farmers but also provide subsidies. 
While scaling out protein production through mushroom cultivation is viable, such 
examples for liquid-state fermentation don’t exist. Hence, the commercial viability 
and business model for scaling down liquid-state fermentation need to be explored 
further. However, given the immense potential of fermentation as a platform to meet 
nutritional needs in remote areas and protein-deficit communities, decentralization 
should be investigated as a preliminary step to make alternative proteins accessible 
and affordable to the bottom of the pyramid. 

13.8 Snapshot of the Commercial Landscape for Fungi-Based 
Protein Cultivation and Production, Including B2B 
Producers of Protein Isolates 

The diagram below shows some of the existing innovators utilizing fungi in the 
alternative protein sector for either business-to-consumer (B2C) or business-to-
business (B2B) purposes (Fig. 13.6).
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Fig. 13.6 Alternative protein applications of fungi 

13.9 Notable Market Developments and Investments by Global 
Food Industry Leaders into Accelerating Fungi-Based 
Protein Production 

Though Marlow Foods has historically dominated the utilization of filamentous 
fungi as an alternative meat technology, several other companies in this space 
have emerged in the last decade. One such company is ENOUGH (formerly 
known as 3F Bio) which is trying to address production costs to bring down the 
final product prices. In May 2021, Unilever, one of the world’s largest food 
companies, forged a partnership with ENOUGH, declaring that “it’s still early 
days but we see huge potential to apply [mycoprotein] technology to our portfolio 
across various ranges.” [39] 

To date, ENOUGH has developed a proprietary patented technology for the 
production of mycoprotein which brings down the production cost by half using 
an integrated, zero-waste fermentation process. 

The integrated technology combines a first-generation biorefinery with traditional 
aerobic fermentation processes. The nutrient-rich by-product, distiller’s dried grains 
with solubles (DDGS), is produced in the first-generation biorefinery where cereal-
based feedstocks are converted to bioethanol (Fig. 13.7). 

Currently, DDGS is sold as animal feed. ENOUGH has demonstrated 
mycoprotein production using grain starch hydrolysate, derived from cereals, 
which is used as feedstock for ethanol production. In the integrated process, about



5–10% of the feedstock is segregated from biorefinery feed for use in the production 
of mycoprotein. Typically the carbohydrate-rich waste stream is discarded after 
aerobic fermentation. However, in the integrated process, the output stream with 
glucose and nutrients is recycled back to the feedstock stream creating a zero-waste 
technology (Fig. 13.8) [40]. 

384 R. Huling

Grain 
processing 

Carbohydrate 
hydrolysis 

Anaerobic 
fermentation 

Bioethanol 
distillation 

BIO-ethanol 

Co-product 
isolation DDGS 

Spent media 
waste treatment 

Mycoprotein 

Heat treatment 
and separation 

Aerobic 
fermentation 

Multistep 
purification 

Solid stream 

Liquid stream 
Carbohydrate 

hydrolysis 
Grain 

processing 

M
yc

op
ro

te
in

 p
ro

du
ct

io
n

B
io

et
ha

no
l p

ro
du

ct
io

n 

Fig. 13.7 Typical process for bioethanol and mycoprotein production 

This integrated process lowers the production cost by utilizing a low-cost feed-
stock and recycled waste streams, thus saving on effluent treatment costs and 
allowing proximity to existing biorefinery facilities [40]. It is known that greenhouse 
gas emissions associated with existing mycoprotein products are comparable to 
chicken, but this innovative integration process lowers that figure further by one 
third while also lowering the water and land footprint owing to high feed conversion 
efficiency and zero-waste process design. A key barrier to the expansion of 
mycoprotein products has been the limited expansion of production capacity across 
geographies. The integration of the mycoprotein production process with existing 
biorefineries reduces capital costs associated with expansion and diversification. 

Two other companies utilizing fungi for alternative proteins include Mycorena 
and The Protein Brewery. As referenced earlier, Mycorena has created a neutral-
tasting ingredient with a meat-like texture under the brand name Promyc. Promyc’s 
technical datasheet shows that the ingredient has a high water holding capacity, 
comparable to pea and soy protein, and foaming and emulsification capacity. Thus, 
Promyc can have potential applications in smoothies, cream, mayonnaise, alternative 
meats and cheeses, and cakes. According to publicly available information, 
Promyc’s production process uses starch-like carbon sources and has the flexibility 
to use side streams as feedstocks to enable a sustainable and cost-effective produc-
tion system. 

Mycorena also announced in November 2021 that they are launching a fungi-
based fat ingredient designed to enhance plant-based foods [41]. The startup says 
that this new ingredient creates a profile of sensations similar to what consumers 
would expect from “a juicy steak,” thus helping to take plant-based meats “to the 
next level.”
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Fig. 13.8 Integrated process for co-manufacturing of bioethanol and mycoprotein, adapted from 
Ritchie et al. [40] 

The Protein Brewery utilizes filamentous fungi for creating proteins and is 
focused on bringing down costs through feedstock optimization. The company has 
created a product named Fermotein, which has 47% protein content on a dry basis. 
The key differentiating factors for Fermotein include pleasant and less dry mouth-
feel, which can be attributed to water-binding properties and unsaturated fat, in-built 
meat-like flavor due to presence of 10% fat, no off-taste, no chemical treatment or 
processing, and high nutritive value due to an amino acid profile close to meat and 
high fiber content. 

Finally, in October 2021, global meat producer Hormel Foods (producer of the 
iconic canned meat Spam), entered into an exclusive partnership with fermented 
alternative protein startup The Better Meat Co. [42] Together, they are working to 
create new products using The Better Meat Co.’s signature mycoprotein ingredient, 
named Rhiza. The Better Meat Co.’s fermented alternative meats are not yet on the 
market, but as a proof of concept, the company announced a short test run at 
California steakhouse Bennett’s American Cooking, which offered steaks made 
with Rhiza to its customers. 

13.10 Market Developments and Investments in Yeast-Based 
Proteins 

Biospringer Lesaffre, a global supplier of natural yeast extract and yeast-derived 
ingredients, has launched Springer Proteissimo 101, a yeast-derived protein with 
applications in alternative meat and cheese products. This product was launched in 
October 2020 in Europe, the Middle East, and Africa. Springer Proteissimo 101 has 
75% protein content with a protein digestibility-corrected amino acid score 
(PDCAAS) of 1 and contains all essential amino acids. The key advantages of this 
product include its clean flavor without any off-notes, favorable melt behavior for 
creating cheese analogues, and its ability to improve chewability for creating 
alternative meats. Biospringer also offers yeast-based products that can impart 
chicken, beef, and cheese flavors in plant-based alternative meats and cheeses. The 
technical datasheet comparing the performance of yeast-derived proteins with pea 
protein and animal protein demonstrates the functional advantages of the yeast as a 
source of protein for alternative protein applications.
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Similarly, Angel Yeast, a China-based manufacturer known for its yeast and yeast 
extract products, is exploring new yeast strains to target the emerging alternative 
protein market. One direct application of yeast extract in the alternative protein 
sector is that it can regulate the beany flavor and other off-notes of plant-based meat 
products while intensifying the meaty notes. The presence of nucleotides, amino 
acids, flavor peptides, and small protein molecules that undergo the Maillard reac-
tion to produce nitrogen-rich and sulfur-rich compounds helps intensify the meaty 
flavor. While Angel Yeast is also looking into applications of yeast as a protein 
source for sports nutrition, there is scope to utilize their expertise in strain selection, 
yeast production, and flavor development for other applications in the alternative 
protein sector. 

13.11 Snapshot of Capital Investment into Fungi-Based Protein 
Production to Date 

Below is a summary of alternative protein investments focused on traditional or 
biomass fermentation, based on analysis of PitchBook Data by The Good Food 
Institute. 

Investments comprise accelerator and incubator funding, angel funding, seed 
funding, equity and product crowdfunding, early-stage venture capital, late-stage 
venture capital, private equity growth/expansion, capitalization, corporate venture, 
joint venture, convertible debt, and general debt completed deals (Table 13.3). 

13.12 Anticipated Challenges in Using Fungi-Based Proteins 
for Alternative Meats 

The utilization of fungi for alternative protein requires advancements across the 
value chain from strain selection to end product development. Irrespective of 
application areas, the ecosystem in India is at a particularly nascent stage. Be it 
using whole biomass of filamentous fungi to make alternative meats, tapping into 
yeast-based flavors, or using mushroom and yeast-derived proteins, application of

Table 13.3 Snapshot of Capital Investment into Fungi-Based ProteinProduction to Date 

Year Investments ($M; USD) Deal count 

2014 $0.1 1 

2015 $10.1 3 

2016 $11.3 5 

2017 $43.2 4 

2018 $29.2 13 

2019 $100.7 15 

2020 $265.9 19 

Q1 - Q3 2021 $603.4 12 

Total $1063.9 72



fungi to create alternative meat, egg, dairy, and seafood products is an emerging field 
globally. Hence, there are several opportunities for stakeholders across academia, 
industry, and startups at each step of the value chain to accelerate the broader fungi-
based alternative protein field.
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With more than six million species of fungi, strain selection has been identified as 
a crucial step in identifying species by screening through filters such as nutritional 
value, amino acid profile, RNA content, and toxicity, potential to accumulate heavy 
metals, allergenicity, organoleptic profile, etc. Many strains isolated from food 
products are available at culture collection centers like CBS-KNAW culture collec-
tion at Westerdijk Fungal Biodiversity Institute, VTT Culture Collection in Finland, 
and the Microbial Type Culture Collection and Gene Bank (MTCC) in India. These 
strains can be procured under material transfer agreements for producing various 
food ingredients. For example, through successful screening of gourmet mushroom 
species, it is possible to obtain strains for production of mycelium biomass that are 
particularly advantageous for creating alternative dairy products, due to their umami 
flavors. 

Bringing down the production cost of fungal biomass using liquid-state fermen-
tation is another area where more work is needed. Though filamentous fungi-based 
alternative meats have existed for decades, price parity with conventional meat 
products has still yet to be achieved. The cost of end products is not competitive 
with conventional meat products with key cost barriers including raw material or 
feedstock costs and the high-capital-expenditure infrastructure required for large-
scale production of biomass. The use of side streams from the food industry as 
feedstock can be instrumental in bringing down end product costs. Simplifying the 
production systems required for the manufacturing of biomass is another route to 
bring down initial capital investment. 

Current technological advancements in bioreactor design for the pharmaceutical 
industry could be adapted to meet the requirements for liquid-state fermentation for 
food applications. Depending on the desired end product and host microorganism, 
the existing designs and processes can be modified locally to achieve high growth 
rates, efficient feedstock utilization, and high protein content. 

The challenge for food production using microbial hosts is manufacturing target 
compounds in a cost-effective fashion. Process innovations including the use of 
perfusion bioreactors have allowed for high productivity in biopharmaceuticals, 
which can be explored for food applications as well. Also, the quality and purity 
of target compounds like edible proteins or enzymes need not be as high as desired in 
pharmaceuticals. Thus, there is potential to lower the relative cost of downstream 
processing of microbial biomass for food applications. 

The manufacturing capacity for fermentation applications in India is currently 
exhausted because of demands for new vaccines and pharmaceutical products during 
the global pandemic, but even if spare capacity was available for fermentation, the 
capacity would need to be adapted for food applications, making it challenging to 
directly utilize existing capacity for alternative protein applications. Hence, for food 
applications, new fermentation capacity needs to be established and made accessible 
to entrepreneurs to exploit fermentation-derived ingredients for the alternative pro-
tein sector.
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13.13 Safety and Regulatory Considerations 

13.13.1 Global 

In the United States, the Food and Drug Administration (FDA) provides approvals 
for ingredients that may be food additives for specific uses as GRAS (generally 
recognized as safe) substances. Mycoprotein is recognized by the FDA as GRAS, 
and seven mycoprotein fermentation-enabled products have been launched in the 
United States under the trade name Quorn [43]. As discussed, other companies using 
fermentation technology include ENOUGH, The Protein Brewery, and Mycorena. 

The following is a list* of food additives derived from fungi that have attained the 
FDA’s GRAS approval and can be referred to during pre-market approval required in 
India:

• Alpha-galactosidase derived from Mortierella vinacea var. raffinose utilizer for 
use in the production of sucrose from sugar beets.

• A solvent extraction process for recovery of citric acid from Aspergillus niger 
fermentation liquor.

• Bakers yeast extract from Saccharomyces cerevisiae.
• Bakers yeast glycan from Saccharomyces cerevisiae.
• Bakers yeast protein derived from Saccharomyces cerevisiae.
• Candida guilliermondii as the organism for fermentation production of citric acid.
• Candida lipolytica for fermentation production of citric acid.
• Carbohydrase and cellulase derived from Aspergillus niger for use in clam and 

shrimp processing.
• Carbohydrase derived from Rhizopus oryzae for use in the production of dextrose 

from starch.
• Dried yeasts, Saccharomyces cerevisiae, Saccharomyces fragilis, and dried torula 

yeast, Candida utilis.
• Esterase-lipase derived from Mucor miehei var. Cooney et Emerson as a flavor 

enhancer in cheeses, fats and oils, and milk products.
• Fermented microbial protein (FMP) from the fungal microorganism Fusarium 

novum yellowstonensis.
• Flour may contain alpha-amylase obtained from the fungus Aspergillus oryzae.
• Gibberellic acid derived by fermentation from Fusarium moniliforme.
• Invertase from edible baker’s yeast or brewer’s yeast (Saccharomyces 

cerevisiae).
• Lactase enzyme preparation from Kluyveromyces lactis (previously called Sac-

charomyces lactis) for use in hydrolyzing lactose in milk.
• Milk-clotting enzymes, microbial for use in the production of cheese (milk-

clotting enzymes derived from Endothia parasitica, Bacillus cereus, Mucor 
pusillus Lindt, Mucor miehei, and Aspergillus oryzae are modified to contain 
the gene for aspartic proteinase from Rhizomucor miehei var. Cooney et 
Emerson).

• Mycoprotein.
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• Natamycin derived from Streptomyces natalensis and Streptomyces 
chattanoogensis.

• Riboflavin biosynthesized by Eremothecium ashbyii.
• Trichoderma reesi, used comprehensively in the industry to produce cellulase and 

other proteins/enzymes for food applications, including non-animal whey protein.
• Vitamin D, produced by ultraviolet irradiation of ergosterol isolated from yeast 

and related fungi.
• Yeast-malt sprout extract, derived from Saccharomyces cerevisiae, Saccharomy-

ces fragilis, and Candida utilis. 

* This list is indicative of ingredients that have received GRAS before November 
2021. A consistently updated list is available at GFI-India.org. 

In Europe, the novel food classification is given by the European Food Safety 
Authority (EFSA) to foods that have not been widely consumed before 1997. Since 
the regulatory process can be long, many entrepreneurs gather proof that certain 
fungal strains they are innovating with have been consumed before 1997 to avoid the 
novel food classification. Within the novel food classification, there is a subcategory 
of “traditional foods,” which are foods consumed outside of the European Union 
countries and have a history of safe consumption. These traditional foods are 
regulated slightly differently and are not required to go through rigorous health 
and safety approvals required for the broader category of novel foods. Fungi-derived 
food consumed widely outside the European Union can be applied as traditional 
foods due to the history of safe consumption. Under EFSA, a scientific panel studied 
the possibility of awarding a “Qualified Presumption of Safety” (QPS) assessment to 
selected microorganisms and its application in food requests reviewed by EFSA, 
which would streamline the novel food approval processes. This scientific panel 
found that for certain species of yeast and filamentous fungi, a blanket approval or 
QPS status could not be given due to the regular occurrence of infestations and 
toxins even though the regulator gets regular approval requests for these 
applications. 

13.13.2 Notable Indian Authorities 

The Food Safety and Standards Authority of India (FSSAI) is the apex body that 
controls food safety and standards in India. This is the autonomous regulatory body 
that takes requests for pre-market review of products that do not have a history of 
safe consumption in India. The Food Safety and Standards (Food Product Standards 
and Food Additives) Regulations 2011 has standardized the uses of edible fungi 
products. These standardized products come under the broad category of “edible 
fungi products” and have different subcategories with general and specific 
requirements for each of them. 

Fungi in food applications as per FSSAI:

• Freeze-dried fungi
• Fungi grits

http://gfi-india.org
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• Fungi powder
• Pickled fungi
• Salted fungi
• Fermented fungi
• Fungi in vegetable oils
• Quick-frozen fungi
• Sterilized fungi
• Fungi extract
• Fungi concentrate and dried fungi concentrate 

The term “fungi” may be replaced by the terms of the genus or species of the 
fungi, e.g., “mushroom” or “mushrooms” for the genus Agaricus. The method of 
processing to which the product has been subjected, e.g., “dried,” “sterilized,” or 
“quick-frozen,” shall be indicated on the label. The regulation has specific sections 
for the general requirements such as the style (form and presentation of the edible 
fungi), composition, and specific requirements for each product such as water 
content, mineral and organic impurities, and permissible limits of damage. The 
usage of yeast and baker’s yeast glycan is regulated and can be used according to 
good manufacturing practices (GMP) Limits. Baker’s yeast glycan is regulated for 
use as a gelling agent, stabilizer, and thickener in food applications such as bakery 
products, meat products, seasoning and flavorings, and protein products that are not 
derived from soy. 

Fungal alpha-amylase is listed as an “improver” food additive for bread products 
with 100 ppm as the limit. There are specific limits placed on the amount of yeast and 
yeast mold spores that can be found in food products concerning the hygiene and 
safety of that product. Pimaricin (natamycin) can be used as a preservative in dairy 
and alternative dairy products up to 40 mg per kg. 

13.13.3 Other Authorities 

The National Biodiversity Authority (NBA) controls the access to biological 
resources for commercial utilization. The NBA or the State Authority is established 
under the Biological Diversity Act 2002. Indian companies interested in 
commercializing species under the NBA need to get prior permission from the NBA. 

13.13.4 Testing and Safety 

For food testing and analysis, FSSAI recognizes and notifies National Accreditation 
Board for Testing and Calibration Laboratories (NABL) accredited food laboratories 
and also recognizes foreign laboratories to reduce the time in clearance of food 
consignments at ports. 

The FSSAI regulations prescribe that the edible fungi products must be clean, 
undamaged, and free (as far as possible) of maggot damage and possess the flavor



and taste appropriate to the species. Additionally, there are limits placed on the 
amount of damage that is permissible in these products. It is stated that Good 
Agricultural Practices certification and NABL compliance is to be availed to assure 
compliance with regard to pesticide/chemical residue for the National Horticulture 
Board. 

13 Applications of Fungi for Alternative Protein 391

13.13.5 Import and Export 

Most fungi-based proteins are freely exportable unless they fall into the restricted/ 
prohibited list. Under the Agricultural & Processed Food Products Export Develop-
ment Authority (APEDA), mushrooms are freely exportable. 

Food products that are meant for 100% export only must be prepared as per 
standard/specification and the labeling requirements of the importing country and 
cannot be sold/supplied for domestic consumption. A No Objection Certificate 
(NOC) is imperative to export food. Depending on the individual products, other 
documents may be required. 

The following species of edible truffle fungi have been approved for import: 
Tuber melanosporum Vittadini, Tuber aestivum Vittadini, Tuber uncinatum Chatin, 
Tuber mezsentericum Vittadini, Tuber magnatum Pico, Tuber macrosporum 
Vittadini, Tuber gibbosum Gilkey, Tuber borchii Vittadini, Tuber brumale Vittadini, 
Tuber indicum, and Geopora cooperi. 

13.13.6 Technological Readiness 

The Good Food Institute’s global scientific team has determined the maturity of each 
fungal application area based on a literature review of the current state of technology 
development across the fungal application areas and insights garnered from stake-
holder interviews. 

The maturity of each application area can be interpreted based on the combination 
of the technology readiness level and manufacturing readiness level. The technology 
readiness level ranges from 0, indicating the technology development has not begun, 
to 5, indicating the presence of product lines in the market by many companies. 
Similarly, the manufacturing readiness level ranges from 0, indicating the absence of 
any infrastructure or manufacturing scale facility where the technology relevant to 
the application area is implemented, to 5, indicating readily available infrastructure 
or manufacturing facilities where one or multiple technologies relevant to the 
application area have been scaled in a cost-effective way (Table 13.4). Both the 
technology readiness and manufacturing readiness levels were determined keeping 
in mind the Indian as well as the global market (Tables 13.5 and 13.6). 

As this analysis demonstrates, based on the developments under various applica-
tion areas, there has been significant progress in terms of technological readiness for 
most application areas globally. Manufacturing readiness for most application areas 
is relatively lower due to high scale-up costs.



Table 13.4 Technology readiness and manufacturing readiness scales

Table 13.5 Maturity ratings for application area globally

Table 13.6 Maturity ratings for application areas in India
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In India particularly, both technology and manufacturing readiness levels are 
lower than global readiness levels. This can partly be explained by the absence of 
indigenous companies that are exploring novel food applications from fungi.
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13.14 Conclusions 

As the world slowly emerges from a traumatic period of pandemic-driven supply 
chain disruptions and public health emergencies, forward-thinking governments and 
business leaders are motivated to construct a more resilient global food system that 
could prevent future crises before they emerge. Fungi-based alternative proteins are 
an essential element of that shift toward increased food security and sustainability. 

Every aspect of the food sector, from academic researchers and policymakers to 
investors and entrepreneurs, has a role to play in breaking through current 
bottlenecks and fully exploring the potential of the fungi kingdom. Conventional 
meat, dairy, and egg producers have been scaling up manufacturing and driving 
down costs for decades, but we do not have the luxury of such an expansive timeline 
to elevate alternative proteins. Whether the global food system is ready or not, 
protein demand is surging, and the Asian continent is at the biggest risk of falling 
short. 

Embedded in that steep climb is a mountain of lucrative opportunities for those 
scientists and technologists astute enough to seize them. The Good Food Institute 
and other cross-sector alternative protein think tanks stand ready to work with 
stakeholders of all stripes to accelerate innovation beyond current thresholds and 
help humanity meet this moment. 
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Abstract 

Due to the exhaustion of non-renewable fossil fuel resources, rising costs of 
petroleum-based fuels, efforts to save energy, and the acceleration of global 
warming, renewable energy has received attention on a global scale. Biofuels 
have become a viable alternative energy source to cut greenhouse gas emissions 
and combat global warming. It’s also been demonstrated to be a means of 
achieving long-term energy sustainability. There are four generations of biofuels 
based on feedstocks. Before fermentation, edible feedstocks like as sugarcane 
juice, cereals, and starch-rich root tubers are hydrolysed with the aid of amylases 
and inulinases to produce first-generation biofuels. Since they compete with 
human food, although making up the majority of the biofuel produced at the 
time, these are being opposed by a variety of organizations. The second-
generation biofuels are created to overcome these challenges by utilizing 
non-edible biomass, such as agricultural waste residues, agro-industrial waste, 
horticultural wastes, and food wastes rich in cellulose, hemicellulose, pectin, and 
starch saturated with refractory lignin. The carbohydrates in these feedstocks are 
hydrolysed enzymatically utilizing cellulases, hemicellulases, pectinases, and 
amylases after they have been delignified through physio-chemical or biological 
pretreatments employing ligninases. Third-generation biofuels are created from 
starch- and cellulose-rich algal biomass using amylase- and cellulase-based 
hydrolysis. Third-generation biofuels use third-generation hydrolytic enzymes 
along with genetic engineering and molecular biology to enhance algal strains. 
Fourth-generation biofuels are an improvement over third-generation biofuels. 
The environmentally friendly generation of biofuels relies heavily on enzymes.
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Fungal enzymes are extracellular and exhibit substantially better productivity 
with simple downstream processes than bacterial enzymes, which are largely 
intracellular or spore-bound and have low yields. Biotechnological innovations 
gave rise to strain enhancement, which increased the productivity of certain 
hydrolytic enzymes and their adaptability to diverse environmental conditions 
during the conversion of various feedstocks to biofuel. Different generations of 
biofuels, the enzymes utilized in their production, the significance of each 
generation, and the potential of biofuels as a source of sustainable energy are 
all covered in this chapter.
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14.1 Introduction 

Energy is the backbone of societal structure and is divided into two categories, 
non-renewable energy and renewable energy [1]. The increasing human population 
and industrialization are directly proportional to the demand for non-renewable 
energy resources [2]. Experts estimate that conventional fossil fuels account for 
87% of the world’s energy consumption [1]. As a result of the high demand, 
non-renewable energy resources are gradually depleting. The industrial, transporta-
tion, and electrical sectors are mostly to blame for energy consumption, which has a 
negative impact on the climate and causes glaciers to melt, sea levels to rise, and a 
rapid loss of biodiversity in addition to greenhouse gas emissions [3]. The instant 
must seek out alternative, sustainable, and financially viable fuel sources with low 
GHG emissions. Renewable energy sources are reportedly divided into two 
categories: clean energy and bioenergy. Clean energy comes from ocean water 
waves, air currents, hydropower, and solar sources, whereas bioenergy comes 
from organic matter via biochemical processes. Alcohols, biodiesel, biogas, hydro-
gen, and other bioenergy resources are examples of biofuels [4]. Biofuels have been 
extensively examined and are deemed credible and cost-effective energy sources 
[5]. The conversion of lignocellulosic biomass by biological means seems more 
promising [6]. Technology development has significantly turned toward effective 
and unconventional biomass feedstocks as a result of the expanding worldwide 
demand for biofuels in recent decades. According to study articles produced over 
the past 20 years worldwide, especially from Asia, Europe, and the United States, 
major research attention has been made to practical and affordable biofuel resources 
due to the rising global biofuel consumption pattern [7]. 

Primary and secondary biofuels are categorized as being produced either directly 
or indirectly from energy. Wood chips, forest litter, dried animal dung used for 
cooking, and fuel woods are examples of primary fuels that are unprocessed 
biofuels. Before fossil fuels were discovered, these fundamental biofuels served as



the main source of energy. Primary biofuels are still the major source of energy in 
rural developing nations, mostly for cooking and heating, even if they are no longer 
recognized for everyday usage in metropolitan areas due to environmental 
sustainability. There are two types of secondary biofuels: conventional biofuels 
and advanced biofuels. These secondary biofuels are created by modifying primary 
biofuels that are processed chemically or biologically. Conventional or first-
generation biofuels are made from damaged or edible crops that are starchy or 
sugary [8]. The process involved in the generation of first-generation biofuels 
generally involves substrate dilution or hydrolysis by enzymes and fermentation. 
Advanced biofuels, also known as non-edible organic matter residual fuels, are 
second-generation fuels, and their production needs to pretreat the feedstocks physi-
cally, chemically, or enzymatically before enzyme-mediated or acid hydrolysis and, 
ultimately, fermentation. Hydrolysis and fermentation are also used to create third-
generation fuels from seaweeds and algae. Engineered photosynthetic 
microorganisms and artificial photosynthetic devices that employ synthetic biology 
methods to manufacture electro fuels and photobiological solar fuels by directly 
converting solar energy into fuels are considered fourth-generation biofuels 
[9]. Genetic engineering is used to upgrade third-generation biofuels to create 
fourth-generation biofuels. 
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14.2 First-Generation Biofuels 

Starch and sugar-based feedstocks are the two categories of edible feedstocks used to 
make first-generation biofuels [10]. The starch-based feedstock includes things like 
potatoes, barley, corn, and wheat. However, sugarcane and sugar beet are examples 
of sugar-based feedstocks. The feedstocks are grown in monocultures, in which only 
one kind of feedstock is present at any one moment in the same location. Gelatini-
zation, which breaks down starch’s crystallinity, is followed by enzymatic hydroly-
sis for the production of monomeric sugar and fermentation in the production 
of starch-based biofuels. Sugar-based feedstocks, such as sugar cane juice, are 
fermented directly or require only dilution before fermentation, as in the case of 
molasses. The world is interested in the development of first-generation biofuels 
made from edible biomasses like wheat, rice, potatoes, sugarcane, barley, and 
vegetable oil. Using fermentation and transesterification, sugars and oils are 
converted from organic components into bioethanol or biodiesel, respectively. 
While rapeseed, soybeans, and sunflower are said to be good sources of feedstock 
for the manufacture of biodiesel, Kopp et al. [11] claimed that sugar-based crops like 
sugar beet and sugarcane contain a significant quantity of saccharose that may be 
extracted and fermented into bioethanol. Enzymes are crucial for the effective and 
sustainable conversion of feedstocks. The creation of food fibre for human use, 
which can undermine environmental sustainability and economic viability, has been 
a problem for first-generation biofuels [12]. Second-generation biofuels were created 
as a result of growing concern about the shortcomings of first-generation biofuels.
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14.2.1 Enzymes for the Production of First-Generation Biofuels 

Enzymes are mostly utilized at the hydrolysis step in the synthesis of first-generation 
biofuels. Amorphous starch is hydrolysed to glucose by amylases, which is then 
fermented by yeast to ethanol, and then distilled to produce bioethanol from grains. 
One key factor affecting the effectiveness of the process and ethanol generation is 
the efficient conversion of starch into glucose. Overcoming the detrimental impacts 
of non-starch grain components, such as protein, fat, pentosan, and β-glucan, is one 
of the difficulties in attaining effective starch hydrolysis. Enzymes like pullulanase 
and inulinase, coupled with conventional amylases for starch hydrolysis, can be 
added to reverse these detrimental effects. These components can be hydrolysed into 
monomer units, which are subsequently fermented to create ethanol. These hydro-
lytic enzymes may originate in microorganisms, animals, or plants. It is theoretically 
possible to obtain such an enzyme from microbes with properties and potentials that 
are equivalent to those of both animal and plant enzymes. 

14.2.1.1 Amylases 
First-generation biofuels require a lot of starch as one of their main substrates. 
Therefore, the enzymatic hydrolysis of starch substrates is a preferable technique 
since it prevents inhibitor buildup. Furthermore, the enzymes contain no secondary 
reactions and work in a highly precise manner. Glucose units in starch are connected 
by glycosidic linkages. Figure 14.1 shows the architecture of the two types of 
polymeric units that make it up: amylose and amylopectin. By α-1,4 glycosidic 
linkages, amylose is made up of linearly connected glucose units. Amylopectin is 
made up of linear glucose chains with an α-1,4 linkage that is joined to the side 
chains by an α-1,6 linkage [13]. 

Amylases, also known as glycosyl hydrolases (GH), are classified by the Interna-
tional Union of Biochemistry and Molecular Biology (IUBMB) into three groups: 
endo-amylases, exo-amylases, and debranching enzymes. The modes of action of 
each of these enzymes on starch are shown in Fig. 14.2. The numerous kinds of 
starch-degrading enzymes include the following: 

1. Endo-amylases or α-amylases (EC 3.2.1.1): It produces oligosaccharides and 
dextrins by cleaving the α-1,4-bonds found in the interior regions of amylase and 
amylopectin, causing the solution’s viscosity to decrease. 

2. Exo-amylase or β-amylases (EC 3.2.1.2): In order to release limit dextrins and 
β-maltose, it only dissolves α-1,4-bonds that are present at the non-reducing ends. 

3. ƴ-Amylase or amyloglucosidase or glucoamylase (EC 3.2.1.3): It also 
functions as a debranching enzyme, cleaving the last α-1,4 links at the 
non-reducing end of amylase and amylopectin to produce glucose. 

4. Pullulanase (EC 3.2.1.41): Pullulanase (EC 3.2.1.41), also known as dextrin 
6-glucanohydrolase, pullulan 6-glucanohydrolase, limit dextrinase, and amylo-
pectin 6-glucanohydrolase, is present in a variety of fungal species. Pullulanase 
from microorganisms is becoming more and more well-liked due to its clarity on 
α-1, 6 connections in pullulan (a linear glucan mostly composed of maltotriosyl
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Fig. 14.1 Structure of starch, the substrate for amylases [14] 

Fig. 14.2 Mode of action of amylases [23]



Table 14.1 List of various
fungi producing amylases
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units connected by 1, 6-α-bonds). Based on differences in substrate types and 
reaction outcomes, pullulan hydrolytic enzymes are categorized into three 
groups. Pullulanase type I enzymes, which may also hydrolyse the α-(1,6) 
glucosidic linkage in pullulan and branched polysaccharides, have received the 
majority of attention [15–19]. The exact debranching ability of pullulanases type 
II, also known as amylopullulanases, to hydrolyse either α-(1,6) or α-(1,4) 
glucosidic links makes them crucial in the starch processing business. This 
enzyme targets the α-(1,4) bonds in starch, amylose, and amylopectin and 
debranches pullulan, producing maltotriose as a by-product [18, 20]. Maltotriose 
is produced when pullulanases I and II cleave the α-(1,6) glucosidic links in 
pullulan [21]. It has been revealed that the pullulanase type III enzyme breaks 
down the α-(1,6) and α-(1,4)-glucosidic linkages in pullulan to create a combina-
tion of maltotriose, panose, maltose, and glucose. Maltotriose and maltose can 
also be produced by this enzyme by solubilizing starch, amylose, and 
amylopectin. 

5. Isoamylase (EC 3.2.1.68): Only one enzyme, isoamylase (EC 3.2.1.68), also 
known as glycogen 6-glucanohydrolase, is capable of entirely debranching starch 
or glycogen [22]. 

Numerous fungi have been reported to produce amylases. Several species of the 
genera Aspergillus and Penicillium are effective fungal amylase producers. The list 
of several fungi known to generate amylases is shown in Table 14.1. 

14.2.1.2 Inulinases 
Inulin hydrolysis has been associated with endo- and exo-inulinases (Table 14.2; 
Fig. 14.3). Exo-inulinase lowers the terminal fructose residues of inulin from the 
non-reducing end, whereas endo-inulinase operates on the internal linkages of the 
inulin molecule but lacks invertase activity [47, 48]. 

Fungal strain Reference 

Aspergillus awamori [24] 

Aspergillus flavus [25, 26] 

Aspergillus fumigatus [27, 28] 

Aspergillus niger [29–35] 

Aspergillus oryzae [36, 37] 

Aspergillus tamarii [38, 39] 

Penicillium camemberti [40] 

Penicillium citrinum [41] 

Penicillium expansum [42] 

Penicillium janthinellum [43] 

Penicillium notatum [42] 

Penicillium oxalicum [44] 

Trichoderma harzianum [45] 

Trichoderma pseudokoningii [46]
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Fig. 14.3 Microbial exo- and endo-inulinase enzymes are depicted schematically. Endo-inulinase 
generates inulooligosaccharides, whereas exo-inulinase releases fructose from the macromolecule 
[49] 

14.3 Second-Generation Biofuels 

Second-generation biofuels are typically produced from non-edible lignocellulosic 
biomass, such as plants or even whole crops; organic municipal solid wastes; 
by-products like sugarcane bagasse, cereal straw, and wood waste; as well as 
feedstock like short-rotation forests, vegetative grasses, and additional energy 
crops [50]. 

As a substitute for first-generation lignocellulosic feedstock in the manufacture of 
biofuels and chemicals, we have been obliged to switch to second-generation 
lignocellulosic feedstock due to the controversy surrounding these feedstocks and 
food security [51]. Dry agricultural wastes, by-products of advanced manufacturing 
processes, and forest leftovers, also known as lignocellulose, are all used as fuel for 
the combustion process. The anticipated yearly output of lignocellulosic materials 
from agricultural production and forest destruction is between five and eight million 
tonnes, which is less than the annual use of conventional crude oil [52]. Lignocellu-
lose-based processes have the potential to cut GHG emissions, which benefits the 
economy and adds to energy security given the long-term application of chemical 
and biofuel production. The biochemical, hybrid, and thermochemical pathways for 
biomass conversion to biofuels are examples of technological advancements in this 
field. Thermochemical processing uses gasification and pyrolysis to turn lignocellu-
lose into synthesis gas (carbon monoxide and hydrogen). The pretreatment step in 
the process of turning lignocellulosic wastes into liquid fuel, namely, acetone, 
butanol, and ethanol (ABE) fermentation, involves saccharifying the pretreated 
substrate by hydrolysis, which releases monomeric sugars. The process of turning



these monomeric sugars into either ABE or ethanol using the appropriate microor-
ganism is the final step. These sustainable lignocellulosic biomasses are currently 
being used as a source for the commercial generation of biofuels through chemical 
methods. In order to reduce the number of harsh chemicals required and to allow for 
the inclusion of certain wastewater treatments, the emphasis has changed to incor-
porate enzymes for each phase. The discovery and development of certain enzyme 
systems for the pretreatment and hydrolysis processes are the results of research. 
However, because they are more expensive and have lower efficacy than chemical 
therapies, enzymes are not extensively adopted. Researchers have focused their 
efforts primarily on these significant cost-increasing issues, and advancements are 
achieved for effective and affordable enzyme manufacturing. 
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14.3.1 Enzymes in the Pretreatment of Lignocellulosic Residues 
for the Production of Second-Generation Biofuels 

The first set of enzymes believed to be engaged in the conversion of lignocellulosic 
residues occurs in the pretreatment stage. In order to facilitate the hydrolysis of 
cellulose and hemicellulose, the primary goal of pretreatment is to delignify the 
refractory lignin content. To enable the hydrolysis of cellulose, the second objective 
is to decrease its crystallinity. The secret to designing a bioethanol production 
system that is both efficient and affordable is to pinpoint particular, highly effective 
enzyme systems, enzyme complexes, or enzymatic cocktails that target and enhance 
the destruction of the complex lignin-hemicellulose in biomass. For biological 
processing of lignocellulosic residue, they are used. Their tailored action strategy 
prevents the production of fermentation inhibitors, making them the most economi-
cal, efficient, and ecologically benign alternative to harsh chemical treatments. 
Hemicellulases and ligninases are two examples of ligno-hemicellulolytic enzymes. 
These unique enzymes target just certain lignin and hemicellulose, leaving cellulose 
alone, which is needed in its natural state for the manufacture of biofuel. The 
distinctive feature of enzyme-assisted delignification is that it preferentially targets 
lignin molecules, generating phenolic intermediates that act as naturally occurring 
ligninase mediators, allowing some of the other non-phenolic lignin molecules to be 
oxidized. A unique enzyme called ligninase causes the lignin to be disrupted. Such 
white-rot fungus generates a variety of lignin-degrading enzymes, including lignin 
peroxidase, laccase, mannanase peroxidases, and manganese-dependent 
peroxidases. The most widely utilized, studied, and investigated lignin-disrupting 
enzyme is laccase [53]. 

14.3.1.1 Laccases 
White-rot fungi, which are members of the basidiomycetes and have highly devel-
oped ligninolytic systems composed mostly of lignin peroxidase (EC 1.11.1.14), 
manganese peroxidase (EC 1.11.1.13), and laccase, are the main microorganisms in 
nature that cause delignification (EC 1.10.3.1) [53, 54]. A long-chain, highly 
branching heterogeneous block known as lignin is largely cross-linked with



hemicellulose via both covalent and hydrogen bonds [55]. Lignin is broken down 
into CO2 and water by lignin-degrading enzymes produced by the white-rot fungus. 
One of the most used and commercially valuable enzymes is laccase. Laccases are 
copper-based phenoloxidases that catalyse the oxidation of anilines, aromatic thiols, 
and phenols found in lignin. Because microbes can quickly take them as carbon 
sources, the removal of phenols from lignin by laccase encourages the development 
of microorganisms by reducing the log phase. With the aid of mediators, laccase may 
directly attack the nonphenolic and phenolic lignin subunits, changing the structure 
of lignocellulosic biomass [56]. 
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As an oxidoreductase, laccase (benzenediol: oxygen oxidoreductase; EC 
1.10.3.2) may speed up the oxidation of ortho- and para-diphenols, aminophenols, 
polyphenols, polyamines, lignin, and aryl diamines as well as a few inorganic salts. 
It can also reduce O2 to H2O [53, 57, 58]. A dimeric or tetrameric glycoprotein called 
laccase has four copper atoms that help form the active site [56, 59–61]. The area of 
type I copper is where the substrate binds and electronic oxidation occurs. The 
copper-cysteine interactions at this location are very normal covalent connections, 
and these are what give the enzyme its blue hue. The reduction of O2 to H2O happens 
as a result of this electron being transferred to a trinuclear cluster made up of two 
type II and one type III copper atom in Fig. 14.4. Four hydrogen-donating substrates 
are first oxidized by a single electron by laccase, which then catalyses the four-
electron reduction of oxygen to water [56, 60, 62]. The reactive radical generated can 
undergo non-enzymatic processes such as (1) covalent pairing to create dimers, 
oligomers, and polymers through C-C, C-O, and C-N links [63], (2) releasing 
monomers by rupturing the covalent bonds of bigger molecules like lignin [64], 
and (3) targeting the aromatic ring [63]. 

Fig. 14.4 Laccase’s generalized way of activity on substrates [99]



Table 14.3 Fungi
involved in laccase
production
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Fungal strain Reference 

Aspergillus fumigates [69] 

Deuteromycete pestalotiopsis [70] 

Echinodontium taxodii [71] 

Galactomyces geotrichum [72] 

Phlebia radiata [68] 

Pleurotus ostreatus [66, 73] 

Pleurotus sajor-caju [74] 

Pseudolagarobasidium acaciicola [75] 

Pycnoporus sanguineus [76] 

Pyrenophora phaeocomes [77] 

Schizophyllum commune [65] 

Trametes [78] 

Trametes versicolor [79] 

Trichoderma viride [80] 

There are already more than 100 laccase enzymes that have been successfully 
extracted, purified, and identified. Monocillium indicum laccase was the very first 
laccase to be recognized as possessing peroxidative activity. White-rot fungus like 
Schizophyllum commune are among the lignolytic microorganisms [65], Trametes 
versicolor (Iandolo et al., 2011), Pleurotus ostreatus [66], Cerrena consors [67], 
Phlebia radiata [68], etc. In comparison to bacterial laccase, which is mostly 
intracellular or spore-bound and has low yields, fungal laccase has a significant 
benefit since it is extracellular and secretes a lot more in the environment. The 
recovery of fungal enzymes is also less complicated than that of bacterial enzymes. 
Table 14.3 shows the fungi that are involved in laccase production. The biomass 
from the processed lignocellulosic residues is hydrolysed and converted to mono-
meric sugars using saccharification. Enzymatic hydrolysis or acid hydrolysis both 
work to saccharify substances. 

14.3.2 Acid Hydrolysis of Pretreated Residues 

Since a very long time ago, diverse substrates have been hydrolysed using acids. The 
two most often used acids are H2SO4 and HCl, which may be utilized in both diluted 
and concentrated forms and at varying concentrations [81]. Dilute acid hydrolysis 
involves two processes. The first step in the process is the saccharification of 
carbohydrates, and if the reaction persists, sugars will then be converted to furfurals. 
Because cellulose breaks down more slowly than hemicellulose, a two-stage process 
is necessary to prevent the formation of furfurals from the sugars released from 
hemicellulose. The first stage of the process recovers the sugars from the hemicellu-
lose under mild conditions, and the second stage recovers the sugars from the 
cellulose under harsher conditions. Strong acids like sulphuric acid, hydrochloric 
acid, nitric acid, or phosphoric acid saccharify the cellulose and hemicellulose of



lignocellulosic biomass at a suitable temperature for hydrolysis by strong acids. To 
prevent the dilution of acid during the hydrolysis process, biomass is first dried to 
achieve a moisture content below 10%. Hemicellulose is hydrolysed with strong 
acids more so than cellulose. As a result, the hemicellulose-derived monomeric 
sugars are exposed to acid for an extended period, which leads to their breakdown. 
It takes a lot of energy and moves slowly. Chemical recovery is necessary owing to 
both economic and environmental considerations. 
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14.3.3 Enzymatic Hydrolysis of Pretreated Residues 

Because it does not produce inhibitors, enzymatic hydrolysis of the pretreated 
substrate is preferred over acid hydrolysis. Furthermore, there are no secondary 
processes involved in the activities of the enzymes, which are quite specialized. The 
cellulose and hemicellulose’s crystalline structure may now be attacked by enzymes, 
releasing sugars, thanks to the pretreatment of the substrate (Fig. 14.5). Cellulases 
and hemicellulases are required to break down cellulose and hemicellulose since

Fig. 14.5 The mode of action of the enzymes implicated in cellulose degradation [84]



they are the two main carbohydrates present in the cell wall structure [82]. The 
pretreated substrate must also include starch and pectin in order for amylases and 
pectinases, the corresponding enzymes, to fully saccharify the substrate.
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14.3.3.1 Enzymes Used in the Hydrolysis of Pretreated Lignocellulosic 
Biomass to Produce Second-Generation Biofuels 

Several cellulolytic, hemicellulolytic, and pectinolytic enzymes are engaged in their 
hydrolysis before fermentation since the substrates used for the synthesis of second-
generation biofuels mostly comprise cellulose, hemicellulose, and pectin that are left 
over after the pretreatment stage. 

14.3.3.1.1 Cellulases 
In reality, lignocellulose depends on the collaboration of several enzymes, the most 
significant of which are cellulases. Since cellulases hydrolyse cellulose’s β-1,4-D-
glucan linkages to produce cellobiose and glucose, they are glycosyl hydrolases. In 
order to enhance parallel orientation and create a crystalline structure with an 
extended flat twofold helical shape that restricts enzyme accessibility, hydrogen 
bonds and van der Waal forces are used to join nearby cellulose molecules 
[83]. Three enzymes must work together in order to completely break down the 
cellulose structure (Fig. 14.5): 

1. Endo-glucanase (EC 3.2.1.4): By creating random intrinsic breaks in the amor-
phous portion of cellulose, it produces short-chain oligomers with non-reducing 
or reducing ends. 

2. Cellobio-hydrolase (EC 3.2.1.91): Cellobiose, the repeating unit of two glucose 
molecules, is created by hydrolysing the non-reducing ends created by the 
enzymatic activity of endoglucanase. 

3. Cellobiase or β-glucosidase (BG) (EC 3.2.1.21): To create monomeric glucose 
units, it disassembles cellobiose units. 

Fungi are regarded as potential cellulase producers and microorganisms as potent 
cellulase producers. Additionally, soft-rot fungi, white-rot fungi, and brown-rot 
fungi are also cellulase producers [82, 85, 86]. Due to their greater penetrating 
capabilities and wide range of substrate usage, fungi are always preferred over 
bacteria. Microorganisms that produce cellulase may thrive on various 
carbohydrates but prefer to grow on cellulose. The several fungi that produce 
cellulase are shown in Table 14.4. 

14.3.3.1.2 Hemicellulases 
Hemicellulose, which is made up of xylan, mannan, arabinan, and galactan, is the 
second most abundant polymer in nature. It is soluble in aqueous alkali but not in 
water or any chelating agent [113]. The enzymatic sector for hemicellulases is 
continuously growing despite the fact that hemicellulases are utilized in several 
industrial operations. They provide greater opportunities for enantioselective chem-
ical and enzymatic modifications than cellulose due to the range of sugar



Table 14.4 List of various
fungi producing cellulases

concentrations, glycosidic linkages, and the architecture of glycosyl side chains, in 
addition to the two reactive hydroxyl groups at the xylose repetitions [114]. The 
second-most prevalent carbohydrate in lignocellulosic is called xylan, which is a 
hetero-polysaccharide made up of 1,4-β-xylose monomers with different 
substituents [115]. As seen in Fig. 14.6, a large number of hydrolytic proteins are 
necessary for the complete breakdown of xylan, with xylanase playing a key role. 
The enzyme xylanase breaks down xylan to create oligosaccharides, which 
1,4-β-xylosidase subsequently breaks down to create xylose. To fully hydrolyse 
xylans, a number of other enzymes like ferulic and p-coumaric esterases, xylan 
esterases, α-4-O-methyl glucoronosidases, and α-1-arabinofuranosidases collabo-
rate. Mannans and heteromannanas are additional polysaccharides that contribute 
to the hemicellulose of plant cell walls in addition to xylanase. D-Mannose, a 
six-carbon sugar, is the primary component of mannan, but because plant mannans 
have a complex and heterogeneous structure, a combination of endo-
1,4-β-mannanases and exo acting mannosidases as well as additional enzymes like 
β-glucosidases, α-galactosidases, and acetyl mannan is required for the complete 
breakdown. Therefore, the hydrolysis of various hemicellulosic structures involves 
the following enzymes. 
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Fungal strain Reference 

Aspergillus flavus [87–89] 

Aspergillus fumigatus [90, 91] 

Aspergillus niger [30–33, 85, 86, 88, 92] 

Aspergillus oryzae [93] 

Fusarium graminearum [15] 

Fusarium oxysporum [94] 

Fusarium solani [95, 96] 

Penicillium brevicompactum [97] 

Penicillium citrinum [98] 

Penicillium decumbans [99] 

Penicillium echinulatum [100] 

Penicillium funiculosum [101] 

Penicillium janthinellum [43] 

Penicillium oxalicum [102–104] 

Penicillium sclerotiorum [105] 

Trichoderma harzianum [45, 106–108] 

Trichoderma longibrachiatum [109] 

Trichoderma orientalis [35, 60] 

Trichoderma reesei [110, 111] 

Trichoderma viride [112] 

As seen in Fig. 14.6, there are three main kinds of xylanases that degrade xylan. 

1. Endo-β-1,4-xylanase (EC 3.2.1.8): This enzyme hydrolyses glycosidic linkages 
to liberate both linear and branched oligosaccharides, randomly breaking the 
xylan chain.
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Fig. 14.6 Schematic representation of linkages in arabinoxylan and the enzymes hydrolysing the 
polysaccharide. Araf corresponds to arabinofuranose, and Xylp indicates xylopyranose in xylan 
[116] 

2. Exo-β-1,4-xylanase, also known as β-1,4-xylan xylohydrolase: It is an enzyme 
that digests the non-reducing end of xylan polymers to eliminate monomeric 
xylose units. 

3. Xylobiase or β-1,4-xylosidase (EC 3.2.1.37): This enzyme hydrolyses xylobiose 
and elevated xylooligosaccharides, which are disaccharides with low specific 
affinities. 

The following enzymes participate in the hydrolysis of mannans and 
galactomannans, as well as their modes of action are also depicted in Fig. 14.7: 

1. Endo-β-1,4-mannanase (EC 3.2.1.78): It generates new chain ends by randomly 
rupturing the mannan’s β-1,4-linkage internal links. 

2. Exo-β-mannosidase (EC 3.2.1.25): It releases mannose sugar moieties by break-
ing β-1,4-linked mannosides from the non-reducing ends of mannan and 
mannooligosaccharides. 

3. β-Glucosidase (EC 3.2.1.21): The oligosaccharide 1,4-β-D-glucopyranose pres-
ent at the non-reducing ends of glucomannan and galactoglucomannan is 
hydrolysed by this enzyme. 

4. α-Galactosidase (EC 3.2.1.22): The α-1,6-linked D-galactopyranosyl side 
chains of galactomannan and galactoglucomannan are hydrolysed by this 
debranching enzyme. 

5. Acetyl mannan esterase: It is a de-branching enzyme that releases acetyl groups 
by breaking down galactoglucomannan. 

Hemicellulases can be produced by a wide variety of bacteria. Some of the 
bacteria that make cellulases also co-produce these. The different fungi that generate 
hemicellulases are shown in Table 14.5.
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Fig. 14.7 Schematic representation of O-acetylated galactoglucomannan and enzymes involved in 
its degradation (a) and the oligosaccharides released (b) [117] 

Fungal strain Reference 

Agaricus bisporus [118] 

Aspergillus aculeatus [119] 

Aspergillus awamori [120] 

Aspergillus fumigatus [28, 121, 122] 

Aspergillus niger [31–33, 92, 123] 

Aspergillus oryzae [124] 

Penicillium oxalicum [102] 

Aspergillus tamarii [125] 

Aspergillus terreus [126, 127] 

Ceriporiopsis subvermispora [128] 

Fusarium oxysporum [94] 

Fusarium solani [96] 

Penicillium chrysogenum [129] 

Penicillium echinulatum [100] 

Penicillium humicola [130] 

Penicillium purpurogenum [131] 

Penicillium roqueforti [132, 133] 

Pyrenophora phaeocomes [77] 

Trichoderma asperellum [134–136] 

Trichoderma harzianum [108, 133, 137] 

Trichoderma reesei [138, 139]
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Fig. 14.8 Pectinases have 
the following modes of action: 
(a) R  = H for PG and CH3 for 
PMG; (b) PE; and (c) R  = H 
for PGL and CH for PL. The 
arrow points to the location 
where pectinase reacts with 
pectic compounds. PMG 
stands for 
polymethylgalacturonases; 
PG stands for 
polygalacturonases; PE stands 
for pectinesterase; and PL 
stands for pectin lyase [141] 

14.3.3.1.3 Pectinases 
Pectinases are the enzymes that hydrolyse pectic polysaccharides into monomers 
such as galacturonic acids. Pectinases are necessary to completely hydrolyse the 
pectic compounds since they are a part of the plant’s cell wall. This lowers the 
medium viscosity and creates a favourable environment for the other enzymes to 
work on a variety of polysaccharides. The following are the primary enzymes 
involved in the hydrolysis of pectic compounds (Fig. 14.8) [140]: 

1. Proto-pectinases: To release highly soluble polymerized pectin, they solubilize 
proto-pectin. They come in two different varieties: type A reacts with protopectin 
at the polygalacturonic acid chain region, while type B reacts with the polysac-
charide chains linking the polygalacturonic acid chain with cell wall constituents. 

2. Pectin Methyl Esterases (PME) (EC 3.1.1.11): Pectin methyl esterases 
deesterify the methyl group of pectin, releasing pectic acid and methanol in the 
process. Prior to pectatelyases and polygalacturonases, which need non-esterified 
substrates, it catalyses the de-esterification.



Table 14.6 List of various
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3. Pectin Acetyl Esterases (PAE): It catalyses the release of pectic acid and acetate 
from the acetyl esters that make up pectin. 

4. Polymethylgalacturonases (PMG): It produces 6-methyl-D-galacturonate by 
breaking down α-1,4-glycosidic connections found in the pectin backbone. 
Both endo and exo mechanisms of action are possible. Exo-PMG catalyses the 
reaction at the non-reducing end of the substrate whereas endo-PMG randomly 
cleaves the substrate. 

5. Polygalacturonases (PG): It creates D-galacturonate by cleaving the 
α-1,4-glycosidic bond in polygalacturonic acid. It can dissolve both endo and 
exobonds, much as PMG. Exo-PG (EC 3.2.1.67) catalyses the reaction at the 
non-reducing end, while Endo-PG (EC 3.2.1.15) cleaves the substrate at random. 

6. Pectate Lyases (PGL): In order to liberate α-4,5-D-galacturonate from 
polygalacturonic acid, a trans-elimination process is used. While Exo-PGL 
(EC 4.2.2.9) cleaves the substrate at the non-reducing end, Endo-PGL 
(EC 4.2.2.2) acts on the substrate in a random manner. 

7. Pectin Lyases (PL): By performing trans-elimination of glycosidic connections, 
it randomly cleaves the esterified pectin and creates unsaturated methyl-
oligogalacturonates. 

Pectinolytic enzymes are produced by a variety of plant-pathogenic fungi, which 
aid in their invasion of the host. Additionally, they help nature recycle carbon 
molecules by decomposing dead plant debris. Pectinases are made by a number of 
fungus, including Aspergillus, Fusarium, and Penicillium [142]. The different fungi 
that generate pectinases are shown in Table 14.6. 

Fungal strain References 

Aspergillus fumigatus [28, 122] 

Aspergillus niger [31–33, 143, 144] 

Aspergillus oryzae [145, 146] 

Aspergillus parvisclerotigenus [147] 

Aspergillus sojae [148] 

Aspergillus tamarii [149] 

Aspergillus tubingensis [150] 

Fusarium moniliforme [151] 

Fusarium oxysporum [152] 

Penicillium chrysogenum [153] 

Penicillium digitatum [154–156] 

Penicillium echinulatum [100] 

Penicillium expansum [152] 

Penicillium janczewskii [157] 

Penicillium janthinellum [158] 

Penicillium oxalicum [159] 

Trichoderma reesei [160, 161] 

Trichoderma viride [162]



14 Fungal Enzymes in the Production of Biofuels 417

14.4 Third-Generation Biofuels 

Microalgae are the source of third-generation biofuel, also known as algal fuels or 
microbiofuels, which is a practical alternative energy source that solves the signifi-
cant drawbacks of first- and second-generation biofuels [163]. As a result, 
microalgae-based biofuels are the state-of-the-art biofuels that are now the most 
pressing issue in the market for renewable energy and are anticipated to replace fossil 
fuels. Due to their greater photosynthetic efficiency and quicker growth than any 
other plant, algae are increasingly recognized as an unconventional biofuel source. 
By employing wastewater as a culture medium and cultivating microalgae on bare 
land, microalgae can help regulate the level of water sources [164]. Algae may create 
biomass in three distinct ways throughout a fermentation process: autotrophic, 
heterotrophic, and mixotrophic [165]. From this biomass, enormous quantities of 
proteins, lipids, and carbohydrates are produced [166]. The idea of a biorefinery was 
developed as a result of the fact that these biological materials may be converted into 
profitable co-products and biofuel [165]. Compared to conventional crops, it can 
yield more biofuel per acre. The biomass from algae may also be used to make 
biodiesel and bioethanol. Among the numerous algae species are Botryococcus 
braunii, Chaetoceros calcitrans, Chlorella spp., Isochrysis galbana, 
Nannochloropsis sp., and Schizochytrium limacinum. Researchers looked for an 
alternate substrate for biofuel production in light of the drawbacks of both first-
and second-generation biofuels, which led to the discovery of microalgae potential. 
Due to its excellent lipid synthesis efficiency, algal biomass, including micro- and 
macro-algae, has been extensively studied and evaluated as a substrate for third-
generation biofuels. After just 5 to 6 days, microalgae may be removed and continue 
to proliferate [167]. Because microalgae may be grown in moist, marginal 
environments or wastewater, their cheaper growth cost is the main advantage of 
using them as a substrate. Because microalgae farming uses minimal land and 
generates large amounts of oil, oxygen, and hydrogen, it is ecologically friendly 
[168]. Temperature, CO2 concentration, illumination, pH, and the amount of 
nutrients in the growth medium all have an impact on how microalgae develop [169]. 

Autotrophic (uses inorganic carbon), heterotrophic (uses organic carbon), and 
mixotrophic (uses both inorganic and organic carbon) are the three primary 
categories of microalgal species [170]. In mixotrophic microalgae, autotrophic and 
heterotrophic microalgae coexist. As a result, biomolecule synthesis and the ability 
to adapt to growth in dark effluent are encouraged. Lipids are one of the most useful 
biomolecules in the production of biofuel and may be converted into it either through 
a thermochemical or biochemical process. Thermochemical procedures are fre-
quently employed because of their higher conversion efficiency, less batch 
processing, and lower costs [170]. 

Spirogyra and Chlorococcum are two examples of green algae species that 
include polysaccharides in their cell walls. Chlorococcum vulgaris is the ideal 
choice for bioethanol since it has a conversion efficiency of 65% and contains 
around 37% starch by dry weight [171, 172]. Such polysaccharide-based feedstock 
needs intensive pretreatment and saccharification processing before fermentation



[173]. As discussed with first-generation biofuels, ethanol may be produced in a 
single step by consecutively performing saccharification and fermentation with an 
amylase enzyme producing strain. 
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14.5 Fourth-Generation Biofuels 

Due to its cheap cultivation costs and high oil and fat production, third-generation 
biofuel has the potential to replace fossil fuels with renewable ones. Additionally, the 
drying of microalgae and the running expenses of lipid extraction need a sizable 
quantity of energy. Algal fuels or microbiofuels, which are fourth-generation 
biofuels made from bioengineered microalgae, are seen as sustainable and exciting 
alternatives to non-renewable fuels [174, 175]. These microorganisms have 
undergone bioengineering in order to enhance the amount of CO2 they take up 
during photosynthesis, creating a carbon sink and boosting the production of 
bioethanol [176]. Many microalgae strains, including Chlamydomonas reinhardtii, 
Phaeodactylum tricornutum, and Thalassiosira pseudonana, have undergone phys-
iological engineering to speed up their rate of development and adaption in 
constrained conditions [176]. Bioengineered microalgae offer environmental 
benefits such as CO2 absorption and assimilation, medium for wastewater treatment, 
and GHG reduction [177]. The fourth generation of biofuel aims to have a smaller 
environmental effect than earlier generations, even if innovation is still in its early 
stages. Both an open and a closed system may be used to grow genetically modified 
microalgae [178]. Closed systems are more dependable than open systems because 
they protect the cultivation system from the outside environment and reduce 
pollutants [178]. The closed system, on the other hand, has a higher operational 
cost, which makes it less financially viable. Since the open system is prone to 
spillage, microalgae may escape or be excreted into the surroundings [179]. 

14.6 Commercial Enzymes and Advancement of Research 
for Production of Biofuels 

Currently, high carbohydrate biomasses from sugar cane or cereal grains, or, more 
recently, cellulose and hemicellulose biomasses, are used to ferment sugar to create 
bioethanol. The demand for enzymes across the world is met by around 12 big 
suppliers and 400 smaller ones. The top three enzyme producers—Novozymes, 
Denmark’s America’s DuPont (after its acquisition of Denmark’s Danisco in May 
2011), and Switzerland’s Roche—produce around 75% of all enzymes. The market 
is very competitive due to low profit margins and a high level of technological 
proficiency. Hydrolytic enzymes make up around 75% of all commercial enzymes. 
More than 70% of all enzyme sales are made up of carbohydrases, proteases, and 
lipases, which control the enzyme market [180]. In a wide range of industrial 
processes, including the creation of food and beverages, biofuels, household 
cleaners, and other goods, ethanol enzymes are extensively and widely employed.



Alcohol enzymes are in limited supply because of how many different industrial 
goods they may be used to. The combined market for alcohol and starch/sugar 
enzymes is anticipated to reach $2238.4 million in 2018 and increase at a 7.9% 
compound annual growth rate [180]. Amylases, proteases, lipases, cellulases, 
xylanases, and catalases are a few of the commercial enzymes that are employed 
in industries. Since starch is so widely available, α-amylases stood out as one of the 
most adaptable enzymes in the commercial enzyme market. They may be used to 
convert starch, make sugar syrup, or even create cyclodextrins for the pharmaceuti-
cal business. To increase starch gelatinization, decrease media viscosity, accelerate 
catalytic processes, and reduce the risks of bacterial contamination as their applica-
tion spectrum expands, research is focused on developing novel α-amylases with 
greater thermophilic, thermotolerant, and pH-tolerant qualities. Table 14.7 provides 
a list of the widely manufactured amylase preparations. 

14 Fungal Enzymes in the Production of Biofuels 419

A crucial enzyme in the creation of all first-generation biofuels is glucoamylase 
(GA). Multiple genome sequences being available have led to the identification of 
various new GA in recent years (Table 14.8). Finding better glucoamylases is crucial 
despite the fact that the relationship between sequence and functionality is still not 
totally understood. Novozymes recently cloned and characterized over 100 GAs 
with considerable variability (down to 40–50% identity) in an effort to improve 
glucoamylases. Even throughout the characterization process, more emphasis was 
given to “application-wise” character traits rather than conventional criteria like 
temperature and pH profiles, such as ethanol tolerance, activation at high substrate 
concentrations, and affinity for branched oligosaccharides. Numerous novel 
glucoamylases were also discovered, many of which possessed distinctive and 
crucial to industry properties, such as improved thermostability. Some of the com-
mercially available glucoamylases are included in Table 14.7. 

There are multiple time-consuming steps and various variables that must be 
meticulously controlled during the conversion of starch to sugars. Numerous issues 
in the starch industry are brought on by these variances. In recent years, several 
pullulanases, particularly those from thermophilic bacteria, have been discovered. 
The study of thermophile pullulanases is important for developing enhanced 
enzymes that may be used much more effectively in the industrial starch hydrolysis 
process as well as for understanding the factors governing enzyme stability. Pullulan 
was broken down by a maltogenic amylase created by Oh et al. [185] mostly into 
maltose and glucose with a small amount of panose. In summary, this is the first 
evidence of the presence of a specific de-branching enzyme that may produce a 
significant quantity of glucose from pullulan in addition to starch and malto-
oligosaccharides. 

Enzymes called inulinases have the ability to attach to cellular membranes and 
release some of their contents into the extracellular space. They evolved from 
filamentous fungus and yeast. INU genes encode inulinases, another class of induc-
ible enzymes [186]. Contrary to certain bacterial inulinases, which exhibit activity at 
higher pHs, inulinases derived from filamentous fungus have shown optimal pH 
activity spanning from 4.5 to 6.0. Most inulinases prefer temperatures between 
30 and 55 °C; however higher temperatures have occasionally been seen. At very
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high temperatures, they can be utilized to create inulin oligosaccharides from inulin 
polymer. Table 14.7 displays the commercial inulinase preparation.
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Table 14.8 Sequenced genomes with new sources of glucoamylases [181] 

Source References Characteristics 

Endophytic fungus EF6 [182] Higher activity on maltose than soluble starch 

Monascus anka [183] – 

Saccharomycopsis fibuligera 
R64 

[184] – 

Talaromyces stipitatus [126] High expressibility in Pichia pastoris 

Cellulases and hemicellulases are frequently used in the production of biofuels to 
break down pretreated lignocellulosic feedstocks such as maize stover, softwood 
pulp, and agricultural waste into fermentable sugars. In contrast, the starch-based 
ethanol industry has used biomass-decomposing enzymes including xylanases, 
cellobiohydrolases, and β-glucanases to increase production efficiency and energy 
consumption. A cellulase, hemicellulase, or their combination was previously added 
either before or during liquefaction to reduce the stickiness of the slurry [50, 187]. 

Recent technical advancements and methods have been developed to break down 
the maize kernel fibre matrix, increasing worldwide ethanol output. Cellulase 
cocktails, specialized equipment, and preprocessing techniques have been coupled 
to convert grain fibre into fermentable sugars for further ethanol production. Another 
new product on the market, “Spirizyme Achieve”, provides improved process 
economics without necessitating a substantial financial outlay or process 
modifications. With increased cellulase activity, it is a saccharification enzyme that 
disintegrates the maize fibre network and releases bound starch that regular 
glucoamylases are unable to access. For ethanol producers, this has led to significant 
increases in ethanol yield [188]. 

Due to their wide range of uses, cellulases are already well-known. Cellulase is 
produced by a number of businesses for use, among other things, in papermaking, 
detergents, and textiles. The two leading producers of cellulase globally are 
“Genencor” and “Novozymes”. Both companies have significantly reduced the 
cost of cellulases through cutting-edge research and are continuing to do so through 
the use of cutting-edge technology. Genencor has unveiled the cellulase complex 
Accelerase®1500, designed specifically for biomass processing facilities. It is 
viewed as more economical and efficient in the bioethanol industry than its prede-
cessor, Accelerrase®1000. A T. reesei strain that has undergone genetic engineering 
is the source of Accelerase®1500 [189]. It is claimed that this enzyme formulation 
has more β-glucosidase potency than any other. According to claims, this enzyme 
formulation has a higher β-glucosidase potency than any other commercially avail-
able cellulase, permitting a conversion of almost 100% of cellobiose to glucose. 
When combined with other Accellerase® enzyme products, the Accellerase® XY 
auxiliary xylanase enzyme complex improves the transformation of both xylan 
(C5) and glucan (C6). Accellerase® XC is an auxiliary xylanase/cellulase enzyme 
complex with a broad profile of hemicellulase and cellulase activity that promotes



xylan (C5) and glucan (C6) conversion when combined with other Accellerase® 
enzyme products. When combined with cellulase products, the β-glucosidase 
enzyme Accellerase® BG improves glucan (C6) transformation. Some of the com-
mercially available cellulases are included in Table 14.9. The majority of marketed 
cellulases are from T. reesei and Aspergillus niger; however T. reesei appears to be 
missing enough β-glucosidase to produce appropriate and thorough hydrolysis 
[190]. Cellobiose accumulated as a result of inadequate β-glucosidase inhibition of 
exo- and endo-glucanases, which led to incomplete transformation [191]. Table 14.9 
lists the cellulases now on the market along with where they came from. 
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Table 14.9 Cellulases available in the market and their origin [189] 

Enzyme samples Company/supplier Microbial sources 

Accelerase®1500 Genencor T. reesei 

Bio-feed beta L, Energex L, 
Ultraflo L, Viscozyme L 

Bio-feed beta L, Energex L, 
Ultraflo L, Viscozyme L 

Bio-feed beta L, Energex L, 
Ultraflo L, Viscozyme L 

Biocellulase A Quest Intl. A. niger 

Biocellulase TRI Quest Intl. (Sarasota, FL T. reesei/T. longibrachiatum 

Cellubrix (Celluclast), 
Novozymes 188 

Novozymes, Denmark T. longibrachiatum and 
A. niger 

Cellulase AP30K Amano Enzyme A. niger 

Cellulase TAP106 Amano Enzyme (Troy, VA) T. viride 

Cellulase TRL Solvay Enzymes (Elkhart, IN T. reesei/T. longibrachiatum 

Cellulase 2000 L Rhodia-Danisco (Vinay, 
France) 

T. longibrachiatum/T. reesei 

Cellulyve 50 L Lyven (Colombelles, 
France) 

T. longibrachiatum/T. reesei 

Econase CE Alko-EDC (New York, NY T. reesei/T. longibrachiatum 

GC 440 Genencor-Danisco 
(Rochester, USA) 

T. longibrachiatum/T. reesei 

GC 880 Genencor T. longibrachiatum/T. reesei 

Multifect CL Genencor Intl. (S. San 
Francisco, CA) 

T. reesei 

Rohament CL Rohm-AB Enzymes 
(Rajamaki, Finland) 

T. longibrachiatum/T. reesei 

Ultra-low microbial (ULM) Iogen (Ottawa, Canada) T. reesei/T. longibrachiatum 

Viscostar 150 L Dyadic (Jupiter, USA) T. longibrachiatum/T. reesei 

Viscozyme wheat Novozymes – 

Although the majority of the strains examined up to this point have been wild-
type, efforts have been undertaken to lower the cost of the enzyme by locating 
overproducer mutants. Additionally, xylanase production in Aspergillus strains can 
be improved by parasexual recombination between overproducing strains 
[192]. Additionally, genetic modification has been successfully used and will soon 
play a bigger role in the excessive xylanase synthesis in many host species. How-
ever, as shown in Table 14.10, the majority of xylanase preparations continue to



come from spontaneously overproducing microorganisms. Trichoderma and Asper-
gillus species are typically used to make commercial xylanases [193]. Given the 
recent discovery of multiple prospective xylanase producers, this might alter in the 
future. In addition to having increased thermostability and acidic or alkaline stabil-
ity, these enzymes also have higher catalytic activity. In order to affect the profit-
ability of the xylanase production chain, significant progress has been achieved in 
identifying processing factors that lead to higher levels of xylanase output. 
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Table 14.10 Examples of commercial preparations containing xylanases and mannanase [193– 
195] 

Company Product 
Strain and mode of 
fermentation 

Amano Pharmaceutical Co, Ltd. 
(Japan) 

Amano 90 Aspergillus niger (SSF) 

Gamma Chemie GmbH 
(Germany) 

Gammafeed X, 
Gammazym 
X400OL 

Trichoderma longibrachiatum 
(SmF); Trichoderma reesei 
(SSF) 

Genencor Optimash BG – 

Genencor International Europe 
Ltd. (Finland) 

Multifect XL Trichoderma longibrachiatum 
(SmF) 

Hankyo Bioindustry Co. Ltd. 
(Japan) 

Xylanase 250, 
Hemicellulase 
100 

Trichoderma viride (SSF) 
Aspergillus niger (SSF) 

Quest International Ireland 
(Ireland) 

Bioxylanase Trichoderma reesei (SmF) 

Röhm GmbH (Germany) Rohalasa 7118, 
Vernon 191 

Aspergillus sp. and 
Trichoderma sp. (SmF). 

Shin Nihon Chemical (Japan) Sumizyme X Trichoderma koningii 
(SSF) 

Solvay Enzymes GmbH & 
Co. (Germany) 

Solvay 
Pentosanasa 

Trichoderma reesei (SmF) 

Stern-Enzym GmbH & 
Co. (Germany) 

Sternzym HC 46; 
Sternzym HC 40 

Trichoderma reesei (SmF) 
Aspergillus niger (SmF)/(SSF) 

SmF submerged fermentation, SSF solid stated fermentation 

Recent research has focused on the cloning and modification of microbial 
mannanase genes from previously unknown organisms with the goals of increasing 
enzyme production, attempting to understand the primary structure of the protein, 
and using protein engineering to modify the properties of the enzyme to support 
industrial applications [196]. The majority of fungal-mannanases have been found in 
fungi like P. pastoris and Aspergillus sp. [197, 198]. One of the most crucial 
foundational elements needed for a future powered by renewable energy sources is 
enzymes. According to recent studies, there are several potential chances for more 
enzyme innovation in the realm of advanced biofuels.
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14.7 Conclusion and Future Outlook 

Major problems have emerged as a result of the transition to a smarter society, 
including i) fossil fuel depletion, which has led to rising prices; ii) global warming as 
a result of the indiscriminate use of these fuels; and iii) the unscientific disposal of 
urban and agricultural waste leftovers. These issues have caused the scientific 
community to focus on biofuels, which are made from a variety of biomass wastes, 
such as municipal and agricultural waste. Bioethanol and bio-CNG have the highest 
levels of acceptance among the various biofuels as substitutes for gasoline and CNG, 
respectively. The commercial manufacture of bioethanol, which is now the highest 
volume industrial fermentation product, generally uses sweet and starchy substrates. 
Commercial amylases, such as α-amylase and glucoamylase preparations, are 
utilized to target the starchy residues in the production of this first-generation 
bioethanol. However, because such starchy leftovers may be used as sustenance 
for humans, authorities are wary about their usage. Many nations have even imposed 
limitations on their usage, only permitting the use of ruined starchy grains and tubers 
that have turned rancid due to poor storage conditions. There is a need to look for 
next-generation amylases that can target even the non-gelatinized starch in order to 
minimize the processing cost. The synthesis of ethanol from grains requires one 
energy-intensive step of gelatinization to open up the crystalline structure of starch. 
As cellulose, hemicellulose, inulin, and pectin are among the polysaccharides found 
in starchy grains, it is necessary to utilize a mix of enzymes that can concurrently 
target both starchy and non-starchy carbohydrates in such cereals. Scientists are 
focusing on the use of agricultural, agro-industrial, and municipal solid waste as 
second-generation biofuel feedstocks as the biofuel industry develops because of the 
rise in demand for ethanol. Few businesses use these feedstocks for pretreatment and 
hydrolysis, which results in higher costs and severe chemical loading that eventually 
finds its way into our bodies and the environment. Due to their high cost and poor 
efficiency, enzyme use has not yet been commercialized. The hydrolysis of different 
carbohydrate residues in such feedstocks also necessitates the use of multiple 
enzymes. We need to lower the price of cellulases and hemicellulases or the 
industries must set up their own internal production of such enzymes if the second 
generation of bioethanol is to become a reality. Exploring microbial diversity or 
creating strains using metabolic engineering to increase productivity are the answers 
to all enzyme crises. The development of pH and temperature-compatible multiple 
enzyme consortia, either from a single or group of co-cultured microorganisms, is 
one of the key areas of scientific research in order to shorten the production timeline 
employing simultaneous hydrolysis and fermentation technologies. The excessive 
pressure on ethanol blending in gasoline and other biofuels around the world has 
turned the research attention to strain and process optimization for all the enzymes 
needed for effective conversion of agricultural and municipal waste. A new indus-
trial revolution that evolved as a replacement for fossil fuels, renewable energy 
sources, was sparked by the development of biofuels. The development of effective 
and environment-friendly process technology for turning lignocellulosic residues 
into ethanol may be made possible by advancements in enzyme technology and



commercialization. This technology may prove to be a panacea for the major global 
problems of fossil fuel depletion and proper disposal of these priceless resources. 
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Fungal Pectinases: Diversity 
and Multifarious Applications 15 
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Abstract 

Enzymes are considered the backbone of green technology. Enzymes of micro-
bial origin are being exploited in various industrial and environmental processes. 
They are used to degrade low-value polymers into valuable products or improve 
industrial processes. Pectin, the substrate of pectinase, is a polysaccharide usually 
found in the plant cell walls that acts as a cementing substance for binding the 
microfibrils of cellulose, hemicellulose, and protein. Structurally pectin is a 
diverse and complex polymer. Therefore, the enzymes involved in its degradation 
have evolved according to its structure and complexity. They are classified as 
pectin esterase, polygalacturonase, lyases, and protopectinase based on their 
mode of action. For industrial applications, they are classified as acidic and 
alkaline pectinases which find application in various industrial processes includ-
ing fruit juice, tea, plant fiber retting, cotton fiber bioscouring, plant virus 
recovery, deinking of recycled paper, processing of pectin industry effluent 
from fruit juice industries and paper production, and a feed supplement. Due to 
their diverse nature and applications, various attempts have been made to opti-
mize their production in submerged and solid-state fermentations in order to meet 
the industrial demand. Fungi are prime producers; therefore, the diversity, pro-
duction, characterization, and applications are discussed. 
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15.1 Introduction 

Proteins that catalyze biochemical reactions without themselves being consumed in 
the process are known as enzymes. The exploitation of enzymes in industrial 
production gave rise to biotechnological processes having several advantages such 
as reduced production costs and lower energy consumption and pollution. Approxi-
mately 25,000 natural enzymes are estimated to be present in living beings; 25% of 
these are known and more than 120 of them are being used in various industrial 
applications. Enzymes play an increasingly important role in industrial processes. 
The global enzyme market was valued at US$ 10.69 in 2020 and is expected to grow 
at a compound annual growth rate (CAGR) of 6.5% from 2021 to 2028 (Grand View 
Research, 2021) [1]. The global food enzyme market reached a value of almost US$ 
a billion in the year 2020. The industry is further expected to grow at a CAGR of 
5.3% between 2021 and 2026 and expected to reach a value of almost US$ 2.7 
billion by 2026 (https://www.expertmarketresearch.com/reports/food-enzymes-
market). The profitability of the industrial use of enzymes is particularly evident in 
the detergent, food and feed, and paper and textile industries (Fig. 15.1). 

The Indian food enzyme market is projected to register a CAGR of 3.8% during 
the forecast period (2020–2025). The Indian market is growing at 7% per year and 
reached Rs. 2525crores for the last financial year. India comprises a large market for 
biotech-based products. Most of these products are produced by DSM, Novozymes, 
and Advanced Enzyme Technologies [2]. 

Microbes produce several pectin degrading enzymes, which play an essential role 
in the degradation of pectic substances, and have extensive applications in food 
processing, biological and organic degradation of plant materials, fermentation, and 
food spoilage. The major and fundamental industrial applications of microbial acidic 
pectic enzymes include extraction and clarification of fruit juices and in wine 
technology, maceration of vegetables and fruits, and the extraction of olive and 
citrus oils (Fig. 15.2). Alkaline pectinases find applications in fiber processing and 
treatment of wastewater from food processing industries for eliminating pectic 
substances. 

Food & Feed 

17% 

Leather & Paper 
8% 

Pharmaceuticals 41% 
Textile processing 

17% 

Detergent manufacturing 

17% 

Fig. 15.1 Market share of enzymes in various industries

https://www.expertmarketresearch.com/reports/food-enzymes-market
https://www.expertmarketresearch.com/reports/food-enzymes-market
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Applications of pectinases 
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Fig. 15.2 Potential applications of pectinases in various industries 

15.2 Pectins 

Pectins, the major constituents of cereals, vegetables, fruits, and fibers, are complex 
high molecular weight, heterogeneous, and acidic structural polysaccharides. They 
are present in the middle lamella of plant cell wall as a thin layer. It acts as an 
adhesive extracellular material attached to cellulose microfibrils, surrounded by a 
matrix of hemicelluloses and proteins, acting as a “cementing” agent (Fig. 15.3a, b). 
Pectin is synthesized in Golgi apparatus as UDP-D-galacturonic acid during early 
stages of plant growth [3]. The pectic polysaccharides received attention due to their 
significant role in ripening of fruits and widespread application as a gelling agent in 
food processing industries. The presence of pectic material also influences the 
texture of fruits and vegetables; one of the most characteristic changes that occur 
during the ripening of fleshy fruits is softening that influences the texture and taste as 
well. In unripe fruits, pectin is bound to cellulose microfibrils in the cell walls. Pectin 
is an insoluble polysaccharide and, therefore, confers rigidity to the cell as well. 
These pectic substances are degraded and solubilized by naturally occurring 
enzymes in the fruits leading to softening of the fruits during the process of ripening 
[4]. During ripening, the neutral sugar composition of the pectin, however, does not 
change [5]. 

Pectin molecules consist of several hundred to thousands of D-galacturonic acid 
units that are linked together by α- (1,4)-glycosidic linkages in axial arrangement,



which forms a trans-1, 4- polysaccharide, and it tends to coil around the screw axis 
[6] (Fig. 15.4). The carboxyl group of D-galacturonic acid unit in pectin is partially 
esterified with methanol or neutralized by monovalent or divalent cations like K+ , 
Na+ , and Ca2+ . Degree of esterification is 100% when the methoxyl content is 
16.32%. Sometimes the hydroxyl groups at C3 or C4 positions get also acetylated, 
the degree of acetylation may vary from 0.18% - 2.5% [7]. The acetyl groups are so 
important because they determine the gelling properties of the polymer. 
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Fig. 15.3 Distribution and 
structure of pectin in plants. 
(a) Immunofluorescence 
micrographs showing the 
distribution of pectin epitopes 
in roots of Arabidopsis using 
monoclonal antibodies 
(transverse section). (b) 
Adhesive extracellular 
material (pectin) attached to 
cellulose microfibrils, 
surrounded by a matrix of 
hemicelluloses and proteins 

Additionally, rhamnose constitutes a small component of pectin backbone and is 
present as α-L-rhamnopyranose. They are present in various segments of structure:



α-D-galactopyranosyluronicacid-(1 → 2)-α-L-rhamanopyranosyl-(1 → 4) 
galactopyranosyluronic acid [8–12]. The presence of rhamnose leads to the forma-
tion of a T-shaped ‘kink’ in the linear chain. Other various neutral sugars like 
L-arabinofuranose and D-galactopyranose occur most frequently in the side chains, 
while D-xylopyranose, D-glucopyranose, and L-fucopyranose are less common 
throughout the structure. D-Adipose, 2-O-methyl-D-xylose, and 2-O-methyl-L-
fucose are widespread constituents of pectins present in minute quantities 
[11, 13]. These side chains are composed of neutral sugars that give the “hairy” 
character to rhamnogalacturonan portion of the pectin [5]. It is also observed that 
acidic and neutral pectins carry ferulic acid at non-reducing ends of the neutral 
arabinose and/or galactose-containing domains. It was suggested that they have an 
important role in the regulation of cell expansion as well as in lignification [14]. 
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Fig. 15.4 Schematic structure of pectin 

Pectic substances are soluble in water as well as in some organic compounds like 
formamide, ethylenediamine, and warm glycerol. The solubility of pectin molecule 
decreases in water as the length of polymer increases and vice versa. The esterifica-
tion and acetylation of pectin polymer leads to increase in solubility in water. The 
aqueous solutions of pectic substances have high viscosity, which increases as the 
concentration of pectin increases and solubility decreases. The viscosity of pectin 
solution also increases as molecular weight and degree of esterification of pectic 
molecule increases. Parameters such as ionic strength, pH, and temperature of the 
solution also affect viscosity [4]. In cold, acidic solutions undergo de-esterification 
of the pectin polymer, while at higher temperatures, degradation of the polymer 
occurs. This property is generally exploited to get pectin with low methoxyl content. 
The treatment with strong acid results in a complete degradation that leads to the 
formation of CO2, furfural, and many other products. In cold alkali, the saponifica-
tion of methyl ester takes place, while at higher temperatures degradation of polymer 
occurs, which increases with increase in temperature. The degradation of pectin at



high temperature takes place through β-elimination of glycosidic bonds rather than 
hydrolysis, as occurs in case of other polymers, which makes it a unique polymer 
[15]. Heating of the polymer at neutral pH (pH 6–7) also results in the same pattern 
of its degradation. Variation in the degree of esterification leads to the alteration of its 
acidic and gelling properties. In completely esterified pectin, pH has no influence on 
the viscosity of solution, while in low esterified pectins, acidic pH (pH 4 or below) 
causes the association and hence the precipitation of polymer molecules. High 
energy radiations also cause degradation of pectin both in vivo and in vitro. The 
pectin polymer becomes selectively permeable for Ca+2 and other heavy metal ions 
on binding with insoluble polymers present in the cell. Although pectin is a hygro-
scopic polymer, its solubility decreases drastically when it absorbs moisture. Solu-
bility increases when mixed with glycerol. Insoluble pectinates, cross-linked pectins, 
and protopectins show partial swelling in water. Chelating agents such as ethylenedi-
aminetetraacetate (EDTA) increase the swelling of protopectin molecules by helping 
them in the removal of Ca+2 and other polyvalent cations [16]. 
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Because of their most unique and outstanding physical properties, their ability to 
form thermo-reversible gels with sugar and acids, pectins are being used in jams and 
jellies for a long time. When sugar-free jellies are required, calcium ions are used to 
polymerize the pectinic acid. In gel formation, the cross-linking between the poly-
saccharide molecules results in the formation of regular twofold conformation and 
dimerization with specific inter-chain chelation of calcium (“egg box” binding). 
Each Ca+2 binds with an oxygen atom by nine coordinate bonds. Junction zones are 
formed mainly between the favorably arranged secondary hydroxyl groups of 
different macromolecules. The rate and temperature at which pectin gel formation 
occurs depend upon the degree of esterification with methanol. Ethyl and hydroxyl 
esters of pectic acids do not gel, whereas some amide groups favor the gelation 
process. Apart from food industry, pectin has lots of other applications like 
lubricants in food, especially in baby foods. Due to its colloidal properties, it acts 
as a lubricant and helps in the proper peristaltic movement in patients suffering from 
chronic constipation. It is also effective in the treatment of diarrhea and dysentery 
because the end products of enzymatic degradation of pectin have antimicrobial 
effect, which makes it effective. Due to its metal binding capacity, it can also be used 
as a detoxifying agent. It is also used as a drug carrier because it decreases the 
toxicity of the drug without affecting its potency. Pectin also has anti-cholesterol, 
antifibrinolytic, and hemostatic effects. 

15.2.1 Nomenclature 

In 1944, the Committee for Revision of Nomenclature of Pectic Substances, a former 
subdivision of American Chemical Society, defined pectic substances as those 
complex colloidal carbohydrate derivatives, which occur in plants and contain a 
large proportion of anhydro galacturonic acid units that are in a chain-like



combination. The carboxyl groups may be partially esterified by methyl groups and 
partially or completely neutralized by one or more bases. 
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The committee defined complex pectic substances as described below. 

15.2.1.1 Protopectin 
Protopectin is water-insoluble pectic substance observed in the cell wall of maxi-
mum plant tissues, besides ripening of fruits. On hydrolysis, it produces pectin and 
pectic acids. The insolubility of the protopectin depends on the polymer size and the 
presence of divalent cations like Ca2+ . 

15.2.1.2 Pectinic Acids 
These are the colloidal polygalacturonic acids with different proportions of methyl 
ester groups. Pectinates are normal or acidic salts of pectic acids; pectic acid alone 
has the unique property of forming a gel with sugars and acids or if it has reasonably 
low methyl content, with compounds such as calcium salts. 

15.2.1.3 Pectin or Pectins 
The pectin refers to the water-soluble polymeric material, which has various degrees 
of esterification with methanol, and can form gels with sugar and acid under 
appropriate conditions. 

15.2.1.4 Pectic Acid 
Pectic acid is a category designation used for the pectic substances mostly composed 
primarily of colloidal polygalacturonic acids and necessarily free of methyl ester 
groups. Pectic acids are mostly formed after tissue breakdown through the action of 
pectinmethylesterases. Normal or acidic salts of pectic acid are called pectates. 

15.2.2 Biosynthesis of Pectic Substances 

The plant cell wall surrounding the protoplast is a polysaccharide-rich complex, 
diverse, and dynamic entity of prime importance to plant growth and development 
[17]. Walls also have immense economic value, contributing to various agro-
industrial processes and are the most important renewable energy source (biomass) 
on our planet [18]. Cell wall polysaccharides are synthesized by 
glycosyltransferases – most of which are located in the Golgi vesicles. 
Glycosyltransferases transfer the nucleotide sugar moiety to the acceptor substrate. 
Pectin is a very complex and heterogeneous structural polysaccharide. 

15.2.3 Commercial Preparation of Pectin 

The best raw materials for commercial pectin production are by-products of the fruit 
juice industries, i.e., apple pomace (dried) and citrus residues (peels) [19] 
(Table 15.1). Chemical extraction is the only way to extract pectin from these



Table 15.1 Pectin
content of plant products

by-products. In chemical extraction, the raw materials are acid hydrolyzed in a pH 
range of 2.0–3.0 for 0.5–5 h at a temperature range of 70–100 °C in a liquid-to-solid 
ratio of 1:18. The pectin comes in liquid form and is separated by hydraulic press 
and/or centrifugation. The extract is then filtered again and finally concentrated to a 
standard setting strength. Preparation of powdered pectin involves treating 
concentrated liquid with organic solvents or certain metal salts to precipitate the 
polymer. This pectin precipitate is collected, dried, and ground [4]. 
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Source Pectic substances (%) 

Apple (fresh) 0.5–1.6 

Bananas (fresh) 0.7–1.2 

Carrots (dry matter) 6.9–18.6 

Orange pulp (dry matter) 12.4–28.0 

Sugar beet pulp (dry matter) 10.0–30.0 

15.3 Pectin-Degrading Enzymes 

The enzymes responsible for breaking down pectin are widespread and have diverse 
modes of action. Pectinolytic enzymes include a group of enzymes that can catalyze 
the breakdown of pectin containing substrates [20] (Table 15.2). Based on their pH 
optima for activity, they can be categorized into acidic and alkaline pectinases. 

15.3.1 Acidic Pectinases 

The pectinases with pH optima below 7 are called acidic pectinases and find 
application in processes where reaction conditions are acidic, such as extraction 
and clarification of fruit juices, grape must, and wine making, maceration of 
vegetables and fruits, and the extraction of olive and citrus oils. 

15.3.2 Alkaline Pectinases 

The optimum pH for the activity of alkaline pectinases is above 7.0. Alkaline 
pectinases find applications in fiber processing and treatment of wastewater from 
food processing industries for eliminating pectic substances.
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Table 15.2 Production of pectinases in different fermentation conditions and fermentation 
parameters 

Microorganisms Substrate Used Fermentation Parameters References 
Mode Temp. pH 

Aspergillus niger A 138 Sucrose SmF 32 4.5 60 

Aspergillus niger 3T5B8 Wheat bran SSF 32 – 61 

Penicillium veridicatum RFC3 Orange bagasse SSF 30 – 62 

Sporotrichum thermophile Citrus pectin SmF 45 7 63 

Apinis 

Aspergillus fumigatus    Wheat bran SSF 50 4-5 64 

Aspergillus niger Sunflower head SSF 30 5.0 65 

Aspergillus fumigatus  Wheat flour SmF 30 5.0 66 

MTCC 870 

Penicillium chrysogenum Sucrose SmF 35 6.5 67 

Aspergillus heteromorphus Orange peel SmF 30 4.5 68 

Thermomucor Wheat bran, SSF 45 – 69 

indicae-seudaticae Orange bagasse 

Penicillium sp. Pectin SSF 35 6.0 70 

Fomessclerodermeus Soy and SSF 28 – 71 

Aspergillus niger Pectin SmF 37 5.5 72 

Aspergillus sojae M3 Orange peel SSF 22 – 73 

Aspergillus flavus Orange peel SSF 40 5.5 74 

Penicillium atrovenetum Orange peel SSF 40 5.0             74 

Aspergillus oryzae Orange peel SSF 35 5.5 74 

Pseudozyma sp. SPJ Citrus peel SSF 32 7.0 75 

Mixed culture of Pineapple residue SSF 35 5.0 76 

Aspergillus sydowii 
Aspergillus fumigatus 
Aspergillus niger Sour orange peel       SSF           30              5.0            77 

Penicillium citrinum Sugar beet pulp SSF 30 5.5 78 

Aspergillus niger Date pomace SmF – 6.18 79 

Rhizomucorpusillus Pectin SSF 45 5.0 80 

Rhodotorulaglutinis MP-10 Citrus pectin SmF 30 5.5 81 

Aspergillus sojae Wheat bran SSF 37 6.0 82 

Aspergillus niger HFD5A-1 citrus pectin SmF 30 4.5 83 

Trichoderma viridi orange peel SSF 30 5.5 84 

Aspergillus spp. Citrus Pectin SmF 30 4.5 85 

Aspergillus niger strain MCAS2 Pectin SmF 30 6.0 86 

Aspergillus terreus Banana peels SSF 30 5 87 

NCFT4269.10 

Aspergillus niger NRC1ami Pectin SmF 30 5.5 88
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15.3.3 Type of Pectinases 

15.3.3.1 Esterases 

15.3.3.1.1 Pectinesterases (PMGE, EC:3.1.1.11)/Pectin 
PectylhydrolaseSN /Polymethylgalacturonate Esterase RN 

Pectin esterases de-esterify the pectin molecule into pectic acid by attacking only the 
methyl ester group of pectic substances. The nucleophilic substitution leads to the 
formation of an intermediate acyl-enzyme complex with the release of methanol. 
This acyl-enzyme complex then undergoes deacylation, resulting in the regeneration 
of enzyme and pectic acid. The esterase preferentially acts block-wise on the methyl 
ester groups found adjacent to the free carboxyl groups in a sequential manner along 
the length of the polymer [4] (Fig.15.5). Some pectin esterases attack pectin only at 
the reducing end of the chain, while others attack the non-reducing end [21]. 

Kent et al. (2016) [22]studied the crystalline structure of pectin esterase of 
Aspergillus niger (Fig. 15.6). The high-resolution x-ray structures of pectinesterases 
from Aspergillus niger in deglycosylated and Asn-linked N-acetylglucosamine-stub 
forms reveal a 102/3-turn parallel β-helix (similar to but with less extensive loops 
than bacterial, plant, and insect pectinesterases). Pectin esterases of microbial origin 
are not always alkaline proteins. They are active in the pH range between 4.5 and 
9.0. The optimum pH for fungal pectin esterases is generally lower than that of 
bacteria [4]. The esterases of Aspergillus oryzae and Trichoderma reesei were 
optimally active at pH 8.5 and 7.5, respectively [23–25]. The de-esterification 
patterns of alkaline and acidic pectin esterases are different. The de-esterified pectin 
formed by the action of alkaline pectin esterase forms weak gels with Ca+2 , while the 
product of acid pectin esterase can form stronger gels with Ca2+ [26]. 

The temperature optima range between 25 and 55 °C. The esterase of 
Myceliophthora thermophila has the highest temperature optimum of 50 °C 
among fungi. The molecular mass of esterases ranges from 34,000 (Aspergillus 
oryzae) to 4,00,000 Da (Clostridium multifermentans). E. chrysanthemi esterase is 
a lipoprotein that undergoes side chain modification [27]. This is the most unstable 
esterase at room temperature as it loses all activity in 5 min, but retains its activity for 
more than a week when stored at 4 °C [24], an increase in the stability after 
immobilization of the enzyme. The enzyme is produced by many bacteria [28] and 
fungi [24, 28, 29]. 

The very popular and extensively utilized method for determining pectinesterase 
activity is the titrimetric method, in which the amount of carboxylic acid (-COOH)

Fig. 15.5 Reaction mechanism of pectinesterases



formed is quantified in terms of the alkali consumed to neutralize the reaction 
mixture. The enzyme activity can also be determined by measuring the amount of 
methanol formed by distillation and subsequent oxidation to formaldehyde as 
illustrated. Wood and Siddiqui (1971) [30] proposed a simplified spectrophotometric 
method by deleting the step of distillation of methanol. The most sensitive and 
accurate method is the conversion of methanol to methyl nitrite and its quantitation 
using HPLC [31].
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Fig. 15.6 Crystalline 
structure of pectin-esterases of 
Aspergillus niger 

15.3.3.2 Polygalacturonases (PG, EC 3. 2. 1. 15)/Poly (1, 4 - a- D
- Galactosiduronate) Glycanohydrolase 
SN /EndopolygalacturonaseRN 

Polygalacturonases cleave the glycosidic bonds of pectin by adding water molecules. 
They are generally considered acidic pectinases, which selectively attack α-1, 
4-glycosidic linkages in pectic acid (polygalacturonic acid). There are only a few 
reports on alkaline endopolygalacturonases. The optimum pH for activity lies 
between 8.4 and 10.5.
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15.3.3.3 Lyases 
The lyases (transeliminases) form a group of pectinolytic enzymes that catalyze the 
breakdown of either pectic acid (polygalacturonate lyases) or pectin 
(polymethylgalacturonate lyases) by the β-elimination reaction. Two types of lyases 
are known. 

15.3.3.3.1 Endopolygalacturonate Lyases (Endo-PGL, EC 4.2.2.2)/Poly (1, 4
- α- D - Galactosiduronate) EndolyaseSN /Endopolygalacturonate 
Lyase (Endopectatelyase) RN 

They are a group of hydrolytic enzymes, which randomly cleave α-1,4-glycosidic 
bonds by β-elimination in pectates and pectic acid, resulting in a rapid decrease in 
viscosity compared to the number of bonds broken (Fig.15.7). The pectate lyase 
from Bacillus sp. contained 353 residues and one calcium ion with α- and β-contents 
of 8.5 and 28.9, respectively (Fig. 15.8). 

Endopolygalacturonate lyases are predominantly of microbial origin. Enzymes 
from the genera Erwinia and Bacillus are among the best known to cause soft-rot 
symptoms in plants (Perombelon and [32, 33]). The enzyme is also found in other 
microorganisms, including Xanthomonas [34], Aspergillus [35], and Fusarium [36], 
and finds application in fruit juice industry. 

15.3.3.3.2 Exopolygalacturonate Lyases (Exo-PGL, EC 4.2.2.9)/Poly (1, 4 - α- D
- Galactosiduronate) ExolyaseSN /Exopolygalacturonate Lyase 
(Exopectatelyase) RN 

Exopolygalacturonate preferentially targets pectates other than pectins, whereas 
polymethyl-galacturonate-methyl glycoside is unaffected. They release oligo-
galacturonic acid from the reducing end of the substrate chain, and the smallest 
substrate that can be degraded is a trimer. At pH 8.0 to 9.5, they are optimally active. 
The complex of polygalacturonate lyase and pectin esterase works together on 
pectin, with the pectin chain moving directly from the esterase site to the 
polygalacturonate lyase site without dissociation or rebinding [37, 38]. The

Fig. 15.7 Reaction mechanism of polygalacturonase 

Fig. 15.8 Reaction mechanism of polygalacturonase lyase



polygalacturonate lyase can be released from pectin esterase by heating it 
[39]. Ca + 2 and Mn + 2, but not Mg2+ or Zn2+, are known to stabilize 
exopolygalacturonate lyases.
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15.3.3.4 Poly-Methylgalacturonate Lyases (PMGL) 
They are all endo-acting enzymes that catalyze the β-elimination between the fourth 
and fifth carbons of pectin at the non-reducing end, causing a quick drop in viscosity 
(Figs. 15.9 and 15.10). They are mostly of fungal origin and can degrade pectin 
directly; several species of Aspergillus and Penicillium are the rich sources of PMG, 
although they prefer highly esterified pectin as a substrate. They are most active 
when the pH is between 5.0 and 9.0. They do not require metal ions for their activity; 
however, depending on the pH and degree of esterification of pectin, a few authors 
have reported the need for Ca+2 and other cations [40, 41]. 

As the chain length of the substrate decreases, the activity of polymethyl 
galacturonate lyases falls rapidly. The enzyme of Aspergillus fonsecaeus degrades 
the smallest substrate, tetramethyl tetra galacturonate [42], and the enzyme of 
Aspergillus niger [43] degrades trimethyl-tri-galacturonate [42]. They are further 
divided into an endo- and exo-polymethyl galacturonate lyases based on their

Fig. 15.9 Crystalline structure of pectin lyase from Aspergillus spp 

Fig. 15.10 Reaction mechanism of polymethylgalacturonate lyase



cleavage patterns. By trans-elimination, endo-polymethyl galacturonate lyases cause 
random cleavage in pectin molecules. While the exo-polymethyl galacturonate 
lyases cause sequential cleavage in pectin by a trans-elimination process.
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Fig. 15.11 Crystalline 
structure of protopectinase C 
(Arabinan endo-1,5-alpha-L-
arabinosidase) of 
cellbriocellulosa 

15.3.3.5 Protopectinases (EC 3.2.1.99) 
The insoluble protopectin is converted to highly polymerized water-soluble pectin 
by the action of a group of enzymes known as protopectinases (PPase). They are 
classified as A and B types depending on their mode of action. A-type 
protopectinases react with the smooth regions in the protopectin, which are com-
posed of partially methoxylated galacturonic acid residues (Fig. 15.11). 
Protopectinases belonging to the B-type react with the hairy regions, which consist 
of rhamnogalacturonans and neutral sugar side chain, and thus, they are considered 
as glycan hydrolases (arabinases, galactanases) [19]. 

15.4 Production of Pectinolytic Enzymes by Microbes 

The production of enzymes on a large scale is necessary for their utilization in related 
industries. Various fermentation processes are developed for their production and 
can be classified into two broad categories, i.e., submerged fermentation (SmF) and 
solid-state fermentation (SSF). Choice of fermentation method depends on the type 
of microbe and the focus of enzyme application. There is sufficient diversity of 
pectinase producers, and the enzyme produced by them has a broad range of pH and 
temperature optima. The type of microbe and the purpose of the enzyme application



influence the selection of the fermentation process. Pectinase producers are diverse, 
and the enzymes they produce have a wide pH and temperature ranges for activity. 
This could be due to the extensive distribution of polymers. Several microbes 
produce pectinases, including bacteria [30, 44–47],yeasts [48], and fungi [49– 
52]. Alkaline pectinases are primarily produced by bacteria, particularly of Bacillus 
species, whereas acidic pectinases are primarily produced by fungi and yeasts. 
Table 15.2 lists the most major fungal pectinase producers. 
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15.5 Optimization of Pectinase Production 

Aguilar and Huitron (1990) [47]who optimized several aspects of pectinase produc-
tion in submerged fermentation deserve credit for recent breakthroughs in pectinase 
production (SmF). Pectinase was produced in solid-state fermentation (SSF) by 
Lonsane et al. (1992) [53]. Liao et al., (1988) [54] evaluated pectinase yield and 
productivity in SSF and SmF. Differences in enzyme profiles and kinetics of 
pectinases generated in SSF and SmF were reported by Acuna-Arguelles et al. 
(1995) [55]. 

15.5.1 Enzyme Production in Submerged Fermentation 

15.5.1.1 Effect of Carbon Sources 
Carbon is well-known to be a primary limiting factor in cellular metabolism and 
enzyme production. Pectin has been utilized as the sole source of carbon for 
pectinase synthesis in various studies. Pectinase production is induced by 
polygalacturonic acid or pectin, which then serves as a carbon source when reacted 
upon by pectinases. Sugars in addition to corn powder have been discovered to be 
optimal for Aspergillus strains to synthesize pectinase [56]. The influence of carbon 
source on A. niger CH4 pectinase synthesis revealed that high sugar concentrations 
increased pectinase production in SSF, but pectinase production declined inversely 
with sugar concentration in SmF. The observation is identical to the previous one 
[57, 58]. A broad range of carbon sources was used for pectinase production in SmF 
and SSF are summarized in Table 15.2. 

15.5.1.1.1 Effect of Nitrogen Sources 
Organic and inorganic nitrogen sources are the most commonly used nitrogen 
sources. Yeast extract is the most extensively utilized organic nitrogen source. It’s 
also been suggested that it acts as a pectinase inducer [59]. For the synthesis of 
pectinolytic enzymes, yeast extract was combined with organic and inorganic 
nitrogen sources. 

15.5.1.1.2 Effect of Initial pH of the Medium 
The best pH for pectinase synthesis varies depending on the microbial strain. In the 
pH range of 7.0 to 10.0, enzyme production was high [16, 43, 44, 46, 59, 89]. Acidic



pH (4.0–6.8) favored enzyme production in a few fungi, such as Aspergillus spp. and 
Penicillium spp. (Table 15.2). 
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15.5.1.1.3 Effect of Incubation Temperature 
At 30 °C or less, the majority of bacteria and fungi produce pectinases. At 22 °C, 
Aspergillus sojae M3 produced pectinase, according to Demir et al. (2011) [90]. At 
40, 45, and 50 °C, Aspergillus flavus [74], Thermomucor indicae-seudaticae [69], 
and Aspergillus fumigatus [64]were found to produce the enzyme optimally. 

15.5.1.1.4 Effect of Inducers on Pectinolytic Enzyme 
Pectinase production is inherent in certain organisms but inducible in others. In 
certain fungal species, constitutive polygalacturonic acid transaminase synthesis has 
been detected, while catabolite suppression has been found in the presence of excess 
substrate [34]. On varied carbon sources, Aspergillus sp. CH-Y-1043 elaborated 
exopectinase constitutively [47]. Pectin was the most effective inducer in species 
with inducible enzyme systems, followed by polygalacturonic acid [91]. 

15.5.1.1.5 Effect of Cations 
Metal ions are crucial in the production and activation of a variety of extracellular 
enzymes. Ca2+ is the most significant metal ion in pectinase synthesis among all 
metal ions. In the absence of Ca2+, Kelly and Fogarty (1978) [16]found that 
polygalacturonase lyase was produced, but that the level of production rose dramati-
cally when Ca2+ levels increased. It’s also been hypothesized that Ca2+ has a 
function in enzyme activation [43]. Other monovalent and divalent cations, alone 
or in combination with Ca2+, have been demonstrated to suppress pectinase synthe-
sis. EDTA reduced the synthesis of pectinase [16]. 

15.5.1.2 Solid-State Fermentation (SSF) 
Solid-state fermentation exploits inert substrates as solid support in the absence or 
near absence of free-flowing water [92]. In recent years, solid-state fermentation has 
gotten a lot of attention for producing various bioactive compounds [49, 93]. This 
procedure is particularly profitable for countries with a lot of biomass and 
agro-industrial waste. The SSF provides the following benefits over submerged 
fermentation [94–96]: 

(a) Low water requirement. 
(b) Cheap media for the fermentation. 
(c) Less stringent requirement of aseptic conditions due to the inability of most 

contaminants to grow in the absence of free-flowing water. 
(d) Use of high concentration of substrate. 
(e) Higher product yields. 

Wheat bran, rice bran, sugarcane bagasse, corncobs, and apple pomace are among 
the best substrates for the SSF [97][Table 15.3]. There have been reports of pectinase 
production from wheat bran [98], citrus pulp-pellets [99], lemon and orange peel



[100, 101], coffee pulp [102], sugar beet pulp [103], and sugarcane bagasse [49]. Par-
ticle size and moisture level/water activity (aw) are critical parameters that influence 
microbial growth and enzyme production on a given substrate [104].The synthesis of 
polygalacturonase decreased as the substrate’s water activity decreased [105]. A 
significant titer of pectinase was reported in SSF in a comparative investigation of 
Aspergillus spp. pectinase synthesis in SmF and SSF [106]. A. niger pectinase 
produced in SSF was more thermotolerant and active over a wider pH range than 
that produced in SmF [49]. 
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Table 15.3 Different agro-residues used for solid-state cultivation of fungi and bacteria 

Starchy Cellulosic Pectin Oily 

Wheat bran Wheat straw Citrus pulp Mustard oil seed cake 

Rice Rice Stover Citrus peel Cotton oil seed cake 

Cassava Corn Stover Apple pulp Linseed cake 

Corn Sugar beet pulp Sun hemp 

Banana meal Feedlot waste Peer pulp 

Buckwheat 

Seeds wood 

Rye meal 

15.6 Characteristics of Purified Pectinases 

Knowledge of the features of microbial pectinases is required for investigating the 
application of enzymes in wide range of industrial processes. As a result, many 
studies have been focused on pectinases stability, reaction conditions, and catalytic 
performance. The pH and temperature optima, as well as thermal stability, are the 
properties that cause deactivation and stability and are, therefore, regarded as key 
barriers to the rapid development of biotechnological processes. Enhancing the 
stability of enzymes and maintaining the required level of activity over time are 
two significant factors to consider when choosing enzymes. The stability of enzymes 
is determined by both physical (pH and temperature) and chemical (inhibitors and 
activators) characteristics. The biochemical features of various pectinases are 
summarized in Table 15.4. 

Heikinheimo [28, 107–109] found that the ideal pH for alkaline pectinase was 
between 7.5 and 11.5. The pH and temperature used in the experiment are not 
optimal for stability and production, which is consistent with the fact that pectinase 
catalytic performance (activity) and stability are quite different [110]. Deactivation is 
frequently used as the first-order reaction when calculating thermodynamic 
parameters. Both partially purified and unprocessed enzymes have a negative deac-
tivation entropy. This could be due to structural effects (enzyme unfolding) or the 
surrounding environment. 

Chemical modifications have been used to try to stabilize pectinases. On two 
separate types of Aspergillus PG, Kuchenreuther and colleagues (2009) [111] used



various tyrosine reactive agents such as acetic anhydride, N-acetyl imidazole, and 
tetranitromethane. Metal ions are required for pectin methylesterase activity due to 
the presence of carboxyl groups on pectin, which may trap enzyme molecules and 
prevent the enzyme cation from interacting with carboxyl groups, allowing the 
enzyme to engage with the ester bonds to be cleaved. Similarly, excessive metal
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Table 15.4 Properties of various purified pectinases of fungal origin 

Polygalacturonases 

Source of Enzyme Nature Molecular pI Km Opt. Temp Opt. pH Temp. pH Reference 
Wt. (kDa) �C stability stability 

Aspergillus japonicus Endo 38 (PG I) 5.6 – 30 4.0–5.5 – – 115 

Endo 65 (PG II) 3.3 – 30 4.0–5.5 – – 

Mucorflavus – 40 8.3 – 45 3.5–5.5 40 2.5–6.0 116 

Sclero�nia borealis Endo 40 7.5 - 40–50 5.0 50 3.5–5.5 117 

Aspergillus niger Endo 61 (PG I) – 0.12 43 3.8–4.3 50 – 118 

Endo 38 (PG II) – 0.72 45 3.0–4.6 51 – 

Penicillium frequentans Exo 63 – 1.6 50 5.0 – – 119 

Exo 79 – 0.059 50 5.8 – – 

Aspergillus awamori Endo 41 6.1 – 40 5.0 50 4.0–6.0 120 

Sclero�nia sclero�orum Endo 42 (PG8b) 4.8 0.8 50 4.0 – – 121 

Endo 41.5 (PG8u) 4.8 0.5 50 3.5 – – 

Stereum purpureum Endo 42 (PG1a) 8.5 – – 5.0 75 – 122 

Endo 44 (PG1b) 8.5 – – 5.0 75 – 

Endo 46(PG1c) 8.5 – – 5.0 75 – 

Saccharomyces pastorianus – 43 5.4 – 50 4.2 – – 123 

Saccharomyces cerevisiae IMI-8b – 43 – – 45 4.5 – – 124 

Fusarium oxysporum 

f. sp. Lycopersci Exo 38 – – 69 11.0 – 7.0–11.0 125 

Saccharomyces cerevisiae Endo 39 – 4.7 45 5.5 50 4.5–6.0 126 

KluyveromycesmarxianusEndo 496 (PG I) 6.3 – – – – – 127 

Endo 496 (PG II) 6.0 – – – – – 
Endo 496 (PG III) 6.3 – – – – – 

Endo 496 (PG IV) 5.7 – – – – – 
Aspergillus niger –  –  –  0.367 40  5  –  –  128 

Aspergillus fumigatus –  –  –  0.156 40  5  –  –  
Aspergillus flavus –  –  –  0.261 45  5  –  –  

Pec�n lyases 
Penicillium italicum PMGL 22 8.6 3.2 40 6.0–7.0 50 8.0 129 

Aspergillus japonicus PMGL – 7.7 0.16 55 6.0 – – 130 

Penicillium adametzii PMGL – – – 60 8.0 40 7.0 131 

P. citrinum PMGL – – – 45 7.0 40 7.0 

P. janthinellum PMGL – – – 40 6.5 40 7.0 

Amycolata sp. PGL 31 10.0 0.019 70 10.3 50 6.0–8.0 132 

Pythium splendens PMGL 23 8.0 – – 8.0 50 – 133 

Pichia pinus PMGL 90 – 0.33 – 4.5 50 – 134 

Thermoascusauratniacus PMGL – – – 65 10.5–11.0 70 4.0 123 

Fusarium monoliforme PGL – – – – 8.5 75 – 135 

Pec�nesterases 
Aspergillus niger                                  - - 1.01               45                   5.0                  - - - 136, 

Aspergillus japonicus                               46 (PE I)      3.8                    - - 4.0-5.5           50                    - - 115 

47(PE II)      3.8                    - - 4.0-5.5           50                    -



ion concentrations cause enzyme inhibition due to the blockage of carboxyl groups 
present next to the ester bond to be cleaved. The enzyme is unable to recognize the 
location of action if these groups are inhibited by metal ions [112].
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15.7 Cloning of Pectinase Encoding Genes 

There are only a few papers on pectinase cloning and characterization. Guo et al. 
[113] isolated pectate lyase gene (pelC, 1.3-kb) from Fusarium solani pisi using 
pelB cDNA as a probe. The coding region of pelB was amplified by reverse 
transcription-polymerase chain reaction using total RNA isolated from a pectin-
induced F. solani pisi culture as template. The open reading frame of pelC was 
predicted to encode a 23.3-kDa protein of 219 amino acid residues, which shared 
51% identity with PLA from F. solani pisi. The amplified pelC cDNA was expressed 
in Pichia pastoris that expressed a pectate lyase C (PLC) with a molecular mass of 
26.0 kDa that contained carbohydrate. The purified PLC required Ca2+ for its activity 
and exhibited optimal lyase activity at pH 9.5 and 55 °C. 

Guo et al. (1995) [113] used pelA cDNA as a probe to isolate the pectate lyase 
gene (pelC, 1.3-kb) from Fusarium solani pisi. Using total RNA obtained from a 
pectin-induced F. solani pisi culture as a template, the coding area of pelC was 
amplified by reverse transcription-polymerase chain reaction. PelC’s open reading 
frame was predicted to encode a 23.3-kDa protein with 219 amino acid residues, 
which shared 51% similarity with PLA from F. solani pisi. The amplified pelC 
cDNA was expressed in Pichia pastoris, which produced pectate lyase C (PLC) with 
a molecular mass of 26.0 kDa that was a glycoprotein. The pure PLC needed Ca2+ to 
function, and its lyase activity was best at pH 9.5 and 55 °C. A western blot 
employing antibodies produced against both PLA and PLC. Both PLC and PLA 
are immunologically related to each other. 

15.8 Applications of Pectinases 

Degumming and retting of plant fibers, bioscouring of cotton fibers, recovery of 
plant viruses, tea business, deinking of recycled paper, processing of pectic effluent 
from fruit juice industries, paper production, and as a feed supplement are all 
applications for alkaline pectinases. Plant fibers are dead sclerenchymatous cells 
that are long, narrow, thick walled, and lignified. They perform a strictly mechanical 
role of providing support and stiffness to the plant body [135]. 

Plant fibers are divided into three categories based on their origin and structure: 
(a) soft or bast fibers, which are formed in groups outside of xylem in the cortex, 
phloem, or pericycle, e.g., Ramie (Boehmeria nivea) and sunn hemp (Crotalaria 
juncea); (b) surface fibers, which are produced on the surface of stems and leaves, 
e.g., cotton (Gossypium spp.); and (c) hard or structural fibers that are supportive and 
conducting fibrovascular bundles chiefly found in monocots, e.g., Manila hemp 
(Musa textilis).
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Pectin makes up more than 40% of the dry weight of plant cambium cells, 
according to Bajpai (1999) [136]. These fibers must be cleared of the sticky material 
before being used in industrial applications. Degumming and retting are terms that 
describe the process of removing non-cellulosic sticky material from plant fiber. 
Mechanical processing and treatment of fiber with 12–20% NaOH (2% NaOH in the 
case of sun hemp and ramie fiber) coupled with wetting and reducing agents could 
eliminate the gummy material. This is inefficient because the gummy material of the 
fiber is not entirely removed, and cellulose is removed in a non-specific manner, 
resulting in a significant weight loss of fiber. Because of this disadvantage, fiber 
treatment with an alkaline solution containing pectinases is preferable [137, 138]. 

Retting of jute, flax, hemp, ramie, kenaff (Hibiscus sativa), and coir from coconut 
husks also involves action of pectinolytic enzymes and microorganisms 
[50, 139]. Certain bacteria (e.g., Clostridium, Bacillus) and fungus (e.g., Aspergillus, 
Penicillium) have been found to degrade the bark’s pectin and release fiber [140]. In 
an open field, biological retting can be accomplished by spreading plant straw on the 
ground and exposing it to the action of fungi for 2–10 weeks. This is termed as dew 
retting (anaerobic process). 

The species of Aspergillus, Penicillium, Rhodotorula, and  Cladosporium have 
been isolated from dew-rotted plants [141]. Due to the presence of cellulolytic 
bacteria, the technique does not produce high-quality fiber. The retting process can 
also be done in closed water tanks or water containing anaerobic bacteria [139]. The 
tank and water pits quickly run out of dissolving oxygen, promoting the growth of 
anaerobic microbial flora [142], and have been shown to macerate straw fiber in the 
laboratory. Pectinases, which are of fungal origin, cause fiber separation during flax 
retting [143]. Fungi in particular play a significant role in retting processes of the flax 
in addition to fiber bleaching and removal of waxes and gums [144]. 

15.8.1 Ramie (Boehmeria Nivea) Bast Fibers 

Ramie bubblegum is found in 20–35 percent of ramie fibers. The fiber can be used in 
the textile industry when the gum (pectin and hemicellulose) is removed. As noted 
previously, ramie fiber is degummed using chemical methods. This procedure not 
only consumes a lot of energy but also pollutes the environment significantly. A 
combination approach was proposed to tackle this challenge, in which 
microorganisms and their enzymes carry out the process at low temperatures without 
the use of chemical agents [145]. 

Cao et al. (1992) [146]described degumming fibers with neutrophilic bacteria, but 
these strains have not been used on an industrial scale due to challenges in 
preventing heterogeneous contamination and other drawbacks. The search for new 
microorganisms and enzymes for such an application is therefore still a challenging 
task. Several fungi have been identified to be part of the fiber-deteriorating micro-
flora of ramie. These organisms including Sclerotium sp., Aspergillus fumigatus, 
Fusarium oxysporum, and Penicillium sp. could play a beneficial role in degumming



of ramie fibers. The degumming process is accelerated when decorticated ramie fiber 
is pretreated with alkali [50]. 
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15.8.1.1 Buel (Grewia Optiva) Bast Fibers 
Dumping the stems in stagnant water for months removes the bast fibers. Retting is 
aided by the natural microflora on the fibers. Physical separation of the fibers is then 
performed. Due to the attack of cellulolytic microbes during the prolonged incuba-
tion, the quality of the fibers obtained this way was poor. 

15.8.1.2 Pretreatment of Pectic Wastewater 
Pectinaceous compounds are abundant in the wastewater from the citrus processing 
sector. Pectic wastes are not entirely digested by the naturally occurring bacteria 
present in activated sludge during treatment, causing filter obstruction [147]. For the 
treatment of wastewater from citrus processing companies, many technologies such 
as physical dewatering, spray irrigation, chemical coagulation, direct activated 
sludge treatment, and chemical hydrolysis followed by methane fermentation are 
available [147]. All procedures have some limitations, such as reduced efficiency 
due to pectic material chemical resistance, high treatment costs, long treatment 
times, and process complexity. Tanabe et al. [148] discovered an endopectate 
lyase-producing alkaliphilic Bacillus sp. (GIR 621) (optimal pH for growth 10) for 
pectic wastewater treatment. 

Erwinia carotovora (FERM P- 7576), a well-known plant pathogen that secretes 
endo-pectate lyase and is useful in the pretreatment of pectinaceous wastewater, has 
been discovered to be useful in the pretreatment of pectinaceous wastewater [148]. It 
cannot be utilized directly due to its strong phytopathogenecity. A bacterium-
produced pectolytic enzyme was reported to solubilize practically all of the pectic 
compounds found in wastewater in an indirect pretreatment method. 

15.8.1.3 Production of Japanese Paper 
Mitsumata bast fibers are retted to create Japanese paper [149]. Bast fibers are 
traditionally processed via the soda-ash frying procedure. Due to its significant 
macerating action, alkaline pectinase generated by Aspergillus niger is used in an 
alternative technique [86, 148]. These retted bast fibers were employed in the 
making of Japanese paper. The pulp obtained through bacterial retting had the 
same strength as that obtained through the traditional soda-ash heating process. 
The uniformity and softness of the paper sheets made from this pulp were 
impressive. 

15.8.1.4 Paper Making 
Enzymes are becoming widely used in the paper industry as they transform the 
substrate of interest in the presence of other chemically related molecules [150]. In 
mechanical pulps bleached with hydrogen peroxide, pectinase is used to overcome 
retention difficulties. The continuous filtration process in papermaking converts 
dilute slurry of fibers, fiber fragments (fines), and inorganic filler particles (clay or 
CaCO3) into sheets. The water must be emptied regularly. A filter cloth with pores is



used for this, allowing fiber fragments and filler particles to flow through. Some 
drainage mechanisms are employed to keep the “fine” and “filler” in the paper sheets 
in place, allowing for faster water drainage. Various cationic polymers with varied 
architectures are routinely employed as retention aids [151]. Bleaching pulps with 
alkaline peroxide solubilizes the polysaccharides present in the pulp, the most 
notable of which are pectins or polygalacturonic acid, which are interfering 
compounds [150, 152]. Polygalacturonic acids have a propensity for forming gels 
with cationic polymers (cationic demand). Cationic demand is highly influenced by 
the degree of polymerization; monomers, dimers, and trimers have little cationic 
demand, whereas hexamers and long chains have a lot [153]. The retention devices 
choke as a result of this. To lower the cationic demand of pectin solutions from 
peroxide bleaching, pectinase is employed to degrade the polysaccharide into 
monomers, dimers, and trimers [154]. 
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15.8.1.5 Application in Coffee and Tea Fermentations 
By dissolving the pectins, pectinase treatment promotes tea fermentation while also 
reducing the foam-forming ability of instant tea granules [155]. Pectinases are 
sometimes used to remove the pectic substance-rich pulpy bean layer. The ability 
of cellulose and hemicellulase enzyme preparations to aid in the digestion of 
mucilage has also been explored [156, 157]. Fungal pectinases have also been 
reported to be employed in the production of tea. 

15.8.1.6 Recovery of Plant Viruses 
Because of the presence of cellulose and pectin in the phloem, recovering plant 
viruses is difficult. Under these situations, alkaline pectinase and cellulase have been 
utilized to recover viruses [83]. 

15.8.1.7 Recovery of Plant DNA 
Contaminants combine with DNA or RNA to form a co-precipitate. To overcome 
this difficulty, Renuka et al. (2009) [158]suggested using alkaline pectinase in the 
last DNA-hydration phase. 

15.9 Industrial Production and Commercial Suppliers 
of Pectinases 

Most of the commercially produced pectinases are of fungal origin, mainly from the 
genus Aspergillus. Enzymes produced by the strains A. niger, A. oryzae, A. wentii, 
and A. flavus successfully met the requirements of fruit juice industries and thus have 
been exploited. The combination of pectin esterase polygalacturonase and 
polygalacturonate lyase is the most suited, and as a result, most commercial 
formulations contain a mixture of these in varying ratios [159]. In the commercial 
production of pectinase, a variety of solid-state and submerged fermentation pro-
cesses are utilized, the most prevalent of which are surface bran culture (Koji 
method), deep tank (submerged method), and two stages submerged fermentation.



The substrate is saturated with the mineral solution until it absorbs all of the water 
and then injected with fungus spores using the Koji method. The enzyme is restored 
in 1–6 days. Due to the absorption of the enzyme, recovery of the enzyme is a bit 
difficult in this process. 
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For the solid-state synthesis of the enzyme, Rombouts and Pilnik (1980) [160] 
reported an alternative approach (rotary drum). The enzyme can be produced by 
using submerged fermentation (SmF). Enzyme is available in two forms: liquid and 
powder. More than 15 companies provide pectinases [161]. 
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Abstract 

The purpose of food processing is to produce better-quality foods having good 
organoleptic properties. For centuries, enzymes have been in use for food 
processing. In the last three decades, xylan-hydrolyzing enzymes have been 
explored for their utility in food processing industries. Xylanases find 
applications in the bioconversion of lignocellulosics, fruit juice extraction and 
clarification, extraction of edible oils, saccharifying agro-residues, improving the 
quality of bread, and wine making. The use of xylanases in generating 
xylooligosaccharides (XOs) as prebiotics, which are known to modulate the gut 
microbiota, received significant attention in the recent years. The discovery of 
several microbial xylanases has enriched the CAZy database that accounts for 
more than 5000 different GH-10 and GH-11 xylanases from prokaryotic as well 
as eukaryotic microbes. This review focuses on the applications of microbial 
xylanases in food processing industries. 
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16.1 Introduction 

The Neolithic revolution, also known as agricultural revolution, started 12,000 years 
ago. During this age, humans started domesticating plants and livestock. They had 
domesticated barley, einkorn wheat, emmer wheat, flax, peas, and chickpeas under 
plant domestication. Neolithic period saw the domestication of sheep and cattle for 
meat, milk, and farming, but empirical studies predict the predated origin of bread 
[1]. Plants and animals were domesticated for human use. The aim of plant domesti-
cation was to meet the food and fiber demands for human consumption [2]. Ancient 
people processed the plant foods using heat, milling, fermentation, and others. These 
food-processing techniques altered the quality and nutrient availability of food 
[3]. Evolution in processing techniques of food led to the use of enzymes. Use of 
rennet in cheese making and diastase for starch hydrolysis are the two such prime 
examples of enzyme applications [4]. Enzymes are biological catalysts produced by 
living organisms. For centuries, enzymes have been used in food processing such as 
baking, brewing, wine making, curd making, cheesing making, tenderization of 
meat, clarification of fruit juices, and several others [5]. Enzymes play a complex 
role in food production. In food processing industry, enzymes help in improving the 
quality of food by enriching flavor, improving texture, and increasing shelf life in 
addition to shortening the process time. Application of biocatalysts in food industry 
is primarily meant for efficient utilization of raw substrate for making good-quality 
food products. It has been shown that the use of enzymes is beneficial from health 
point of view, and it also prevents the formation of acrylamide in French fries, 
coffee, and cereal breakfasts. In addition, the use of enzymes is considered as 
sustainable since they reduce the use of chemical additives. Amylase, lipase, prote-
ase, cellulase, xylanase, pectinase, catalase, asparaginase, esterase, and lactase are a 
few examples of commonly used enzymes in food industry. Earlier plant and/or 
animal extracts were used as sources of enzymatic preparations. The developments 
in microbiology and biotechnology changed this trend in favor of using microbial, 
native, and recombinant enzymes in food processing industries [6]. 

Plant cell wall is a complex structure made up of cellulose, hemicellulose, lignin, 
pectins, and proteins [7]. The composition of each cell wall component shows 
species to species variation in plants [7]. Hemicelluloses are made of diverse 
group of complex polysaccharides having heteropolymeric structure. 
Heteropolysaccharides can be classified according to the principal monosaccharides 
constituting the backbone such as xylan, xyloglucan, xylogalactans, and others 
[8]. Xylan is the most abundant hemicellulosic fraction in plant cell walls. The 
presence of a variety of linkages and side chains make xylan structurally complex. 
The presence of a variety of linkages affects the physiochemical properties of xylan



such as solubility and viscosity. Structural complexities limit the enzymatic break-
down of xylan. Complete hydrolysis of xylan requires synergistic actions of a set of 
enzymes [8]. Xylanases belong to glycoside hydrolases which catalyze the break-
down of glycosidic bonds of complex heteropolymeric xylan. Most of the industri-
ally used enzymes are hydrolases. 
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16.2 Xylan Degrading Enzyme System 

Structural complexity of xylan (Fig. 16.1) requires multifunctional xylanolytic 
system where glycosidic bond of xylan backbone is randomly catalyzed by endo-
1,4-β-xylanase, while side chains are cleaved by accessory enzymes like acetylxylan 
esterase, α-L-arabinofuranosidase, and α-glucuronidase [9]. The carbohydrate-active 
enzyme (CAZy) database groups xylanases into glycoside hydrolase (GH) families 
[1, 10–20]. Xylooligosaccharide (XO)-degrading enzymes are mainly classified into 
GH families [1–3, 5, 21–27]. Amino acid sequence similarities are the basis for GH 
family classification (http://www.cazy.org). The mode of action of various enzymes 
in multienzymatic xylanolytic enzyme system includes the following: i) 
Endoxylanase (EC 3.2.1.8) is the most prominent enzyme that is involved in the 
reduction of degree of polymerization (DP). Reduction in the degree of polymeriza-
tion varies in different xylan sources and highly dependent on the length and 
frequency of associated side chains [28]. The action of endoxylanases on xylan 
leads to liberation of lower XOs. The CAZy database categorizes endoxylanases 
mainly into GH-10 and GH-11 glycoside hydrolase families based on the hydropho-
bic cluster analysis of amino acids. Besides these, three more families (GH-5, GH-8, 
and GH-141) have also been shown to display β-1,4 endoxylanase activity. β-D-
Xylosidase (EC 3.2.1.37) is another important class of xylanolytic enzymes that 
hydrolyzes XOs. Prolonged exposure of xylobiose and other XOs to β-D-xylosidase 
results in xylopentaose as an end product because of transglycosylation activity of 
β-xylosidase [29]. β-D-Xylosidases belong to high molecular weight (60–360 kDa) 
catalytic proteins and commonly found in a diverse group of microorganisms. 
Majority of the reported β-D-xylosidases are cell-bound which assist in direct 
transport of monomeric sugar xylose into the cytoplasm for its metabolism

Fig. 16.1 Xylan structure with side chains

http://www.cazy.org


[8]. However, extracellular β-xylosidases have also been reported from bacteria and 
fungi [30, 31]. β-D-Xylosidases exhibit three-dimensional structure of (β/α)8 type 
and have been placed into GH-1, GH-3, and GH-120 families of CAZy database 
(Fig. 16.2). β-Xylosidases play a significant role in generating D-xylose, which can 
be converted to xylitol. Xylitol has significant applications in pharmaceutical indus-
try and extensively used in the treatment of dental caries [32]. Association of 
methylated and non-methylated glucuronic acid makes the xylan resistant as these 
side groups enhance the inaccessibility of xylan for endoxylanases and β-
xylosidases [33, 34]. α-1,2-Glucuronidases overcome this restricted access by 
removing the associated side chains on xylan. In glucurono-xylan, α-linked glyco-
sidic bonds anchor the glucuronic acid and/or methyl-glucuronic acid and xylosyl 
residues. α-Glucuronidase (EC 3.2.1.139) is among the side chain acting xylanases 
that cleaves α-linked glycosidic bonds of glucurono-xylan. GH-67 and GH-115 are 
the dedicated GH families for α-glucuronidases that fold into the 3-D structure of (β/
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α)8 type [35]. Current updates of the CAZy database reveal the presence of 
116 glucuronidases. Similarly, 578 glucuronidases belong to GH-67 family of 
CAZy. Arabinofuranosidase (AFase) is another accessory xylanolytic enzyme that 
removes α-linked L-arabinofuranose residues from the xylan backbone 
[21, 36]. Two forms of AFase exist in nature: exo-acting α-L arabinofuranosidase 
(EC 3.2.1.55) and endo-acting-1,5-α-L-arabinase (EC 3.2.1.99). The action of α-L 
arabinofuranosidases release arabinan as the end product, while 1,5-α-L-arabinase 
(EC 3.2.1.99) cleaves branched arabinans and p-nitrophenyl-α-L 
arabinofuranosides. According to CAZy database, there are six different GH families 
of AFase (GH-43, GH-62, GH-127, GH-137, GH-142, and GH-146). α-L-
Arabinofuranosidase activity is exclusive to the GH-62 family, while β-L 
arabinofuranosidase activity is shown by the rest of GH family AFases 
[37, 38]. L-Arabinose finds applications in the food industry such as a dietary 
supplement, food ingredient, and flavoring agent. Synergetic action of AFases and 
endoxylanases, β-D-xylosidases, and amylases enhance liberation of XOs from 
softwood. Arabinose sugars are heavily used in food industries [39]. Acetyl xylan 
esterases (EC 3.1.1.72) assist in xylan hydrolysis by cleaving the acetyl group in the 
side chains. Similar to other side chains, acetylation and feruloylation of the xylan 
backbone also limit xylan hydrolysis. Acetylation and/or feruloylation hinder direct 
access of xylan main chain to endoxylanses and β-D-xylosidases [40]. An 
acetylxylan esterase (AXE) has been reported to hydrolyze the acetylated sugars 
[41]. However, AXEs do not show activity on acetylated pectin and mannan. 
Joseleau and colleagues [8] were the pioneers to report the microbial AXEs in 
1985. The CAZy classifies acetylxylan esterases into CE-1 to CE-7 as well as in 
CE-12 of carbohydrate esterase (CE) family. Majority of the reported AXEs are of 
bacterial type [41, 42]. Very few AXEs have been studied for their applications in 
industries [43]. Zhang and his coworkers showed the utility of AXE in improving the 
solubilization of giant reed and wheat straw [43]. Complete hemicellulolytic system 
is depicted in Fig. 16.2.
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16.3 Sources of Xylanases 

Xylanase is widespread in nature ranging from prokaryotes to eukaryotes. Prokary-
otic sources include archaea [44] and eubacteria [45], while eukaryotes include fungi 
[46], protozoa [47], algae [48], insects [22], snails [49], crustaceans [50], and plants 
[51]. Xylanase can be obtained from plants and animals, but microbes like bacteria 
and fungi produce xylanase in a high titer; therefore, microorganisms have always 
been the preferred sources of xylanolytic enzymes over others. There are added 
advantages of using microbes as a source of xylanolytic enzymes such as ease of 
handling, short doubling time, cheaper media, and very limited space requirement 
for growth [22]. 

Major sources for industrial enzymes are fungi and bacteria, where 50% are 
sourced from fungi and yeast, while 35% comes from bacteria. Contribution of 
animals and plants is 15% [52]. Commercially available microbial enzymes are sold



as enzyme preparations that contain desired enzymes along with some metabolites of 
producing strain, food grade preservatives, and stabilizers. There are a small group 
of bacterial and fungal strains which are used to produce most of the industrially 
relevant enzymes, since they are well characterized and easy to manipulate using 
conventional microbiological and genetic engineering approaches. These industri-
ally relevant fungal groups include Aspergillus, Trichoderma, Kluyveromyces, and 
Saccharomyces, while primary bacterial groups are Bacillus, Escherichia coli K-12, 
and Pseudomonas fluorescens which are used for the industrial production of 
enzymes. Among microbes, bacteria have been extensively explored for producing 
xylanolytic enzymes. A plethora of microorganisms from bacteria to fungi produce a 
range of xylanases with varying temperature and pH stabilities. Xylanases have been 
successfully employed in the bioconversion of lignocellulosics, extraction of fruit 
juices and their clarification, extraction of edible oils, saccharifying agro-residues, 
improving the quality of bread, modulating gut microbiota, promoting the growth of 
beneficial gut commensals, and ripening of fruits. Xylanases find application in 
baking industry, where various xylanolytic enzymes along with other polysaccharide 
hydrolyzing enzymes can be used for ameliorating baking food items such as breads, 
cakes, crackers, pastries, pretzel, muffins, cookies, and other bakery products 
[53]. Recent trends include several options in food processing industry by 
incorporating whole wheat flour and other multigrain cereals (oat, mustard, millet, 
sorghum, etc.) into the raw dough to make healthier bread and cookies. For enhanc-
ing the nutritional value of such food products, a variety of xylanases can be added to 
the dough for hydrolyzing the bound sugars present in the cell walls of cereals. The 
food products produced would be of high nutritive value having natural forms of 
sugars along with fructo-/xylooligosaccharides. 
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Historically, strains used for industrial enzyme production are mainly derived by 
mutation and selection, but there are ongoing research efforts in developing micro-
bial platforms using genetic engineering approaches. After the Asilomar Conference 
of 1975, recombinant DNA technology rapidly developed that helped in designing 
better bacterial and fungal strains which secrete high titers of industrial enzymes 
[54]. Developments in the field of next-generation sequencing (NGS) helped in 
achieving the design of efficient and high-throughput DNA libraries, while precise 
CRISPR/Cas-mediated DNA editing has been used to make genetic modification 
easy [23, 55]. 

16.4 Fungal Xylanases 

A plethora of microbes have been reported to produce xylanases, including bacteria 
[24], actinobacteria [56], fungi [25], and yeasts [57]. Eukaryotic xylanases have been 
predominantly produced by filamentous fungi (Thermomyces, Aspergillus, Fusar-
ium, Myceliophthora, Penicillium, Trichoderma) and yeasts [58–60]. Here it is 
important to mention that not all organisms produce the full set of xylan-degrading 
enzymes [61]. Filamentous fungi secrete industrially important xylanases that 
exhibit higher catalytic activity than those of yeast and bacteria. Additionally,



fungi produce a plethora of auxiliary enzymes simultaneously for the complete 
degradation of heteroxylans. Fungal genera which produce xylanases are 
Thermomyces, Trichoderma, Aspergillus, and Fusarium. The basidiomycete fungi 
can grow on diverse hemicellulosic substrates and produce extracellular 
hemicellulases. Degradation products of the hemicellulosic substrates are of 
immense interest for the food, pharmaceutical, and cosmetic industries. When 
Phanerochaete chrysosporium, Trametes versicolor, and Ceriporiopsis 
subvermispora are grown on plant cell wall materials or wood chips, they produce 
xylanolytic enzymes. Majority of xylanases are produced by fungi with low molec-
ular weight within the range of 20–60 kDa [62]. While Talaromyces emersonii 
produces dimeric xylanases whose molecular masses range between 131 and 
181 kDa [63]. The simultaneous production of cellulases and xylanases is a cause 
of concern for industry as it makes the process of xylanase purification expensive 
from these fungal sources. Xylanases from thermophilic fungi range from 21 to 
47 kDa. Thermophilic xylanases show stability in a wide pH range (pH 4.0–9.0), but 
there is a predominance of xylanolytic activity at alkaline pH and high temperatures 
up to 60 °C. Recently characterized thermostable xylanase from Malbranchea 
cinnamomea exhibits stability at 70 °C [61]. 
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16.5 Applications of Xylanases 

The industrial use of xylanases for improving nutrient level of the fodder for animals 
was attempted during the 1980s and, later, in biofuels, food, and other industries. 
Extracellular xylanases attack lignocellulosics and enhance the quality of feed and 
food by enriching them with metabolizable sugars, amino acids, Ca2+ , phosphorous, 
and other nutrients. Biophysical properties of xylanases are crucial and decide their 
suitability for applications in various industries. With the increased demand for 
xylanases, they are being commercialized in single as well as in combinations 
with other polysaccharide-hydrolyzing enzymes. 

16.6 Xylanases in the Baking Industry 

Bread and bakery products are the most popular food items consumed all over the 
world. Traditionally, bread is manufactured using refined flour. Refined flour 
contains very low level of dietary fibers, minerals, and essential nutrients. Bread 
manufacturers are looking at high-fiber and more nutritious bread. But whole wheat 
bread also contains human-indigestible polysaccharides (non-starch 
polysaccharides) which are a major problem for manufacturers as these reduce the 
loaf volume and increase the firmness of crumb and crumb appears darkened that 
reduces the customers’ appeal [64], although demand for high-fiber, low-calorie 
sugar-free bread is on the rise. Cellulose, insoluble heterogeneous arabinoxylan, 
lignin and β-D-glucans are major constituents of whole wheat grain. Non-starch 
polysaccharides are dietary fibers present in cereals used in bread making.



Non-starch polysaccharides are mainly made up of arabinoxylans, β-glucan, and 
arabinogalactan-peptide complex. Arabinoxylans constitute the major portion of 
non-starch polysaccharide present in cell walls of cereal grains such as wheat and 
rye [65, 66]. Based on solubility, arabinoxylans can be classified as water-non-
extractable arabinoxylan (WN-AX) and water-extractable arabinoxylan (WE-AX). 
Most of the wheat arabioxylans are WN-AX. WN-AX constitutes 70–80% of the 
wheat arabinoxylan, while 20–30% is WE-AX. The β-1,4 linked D-xylopyranosyl is 
the backbone of arabinoxylans substituted with α-L-arabinofuranose residues at the 
C(O)3 and/or C(O)2 positions [67–69]. The proportion of arabinoxylan in bread 
made from wheat flour is only about 1.5–2.5% [65], but the effect of arabinoxylan on 
bread making is significant, since it affects the rheological properties of dough. It has 
been shown that viscosity enhancing, gelling properties, and water holding capacity 
of arabinoxylan improve the bread quality by increasing the loaf volume and 
firmness of crumb [70]. The texture of bread is also affected by arabinoxylan 
which is mainly because of gas retention properties of the dough. For baking 
industry, WN-AX negatively influences the bread characteristics, while WE-AX 
impacts positively [67]. Therefore, xylanase is often used to convert WE-AX into 
solubilized AX (SAX). The application of xylanase positively impacts AX structure 
and functionality and, thus, results in increased loaf volume [71]. The concentration 
of arabinoxylan in bread, molecular mass, and type of bread flour determines the 
impact of arabinoxylan [72]. Hence, the polysaccharide arabinoxylan determines the 
bread quality and properties of dough. For baking industry, arabinoxylans and 
arabinogalactans are critically important as these enhance water holding capacity 
of dough that ultimately improves the dough stability. Further, arabinoxylans help in 
reducing starch retrogradation, increases the loaf volume, and enhances the shelf life 
and storage stability of bread [73]. 
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To solve the negative effect of WN-AX, endoxylanases are used. Application of 
xylanases improves the dough quality by altering the elasticity of gluten protein 
network by acting on WN-AX. In baked products, gluten is responsible for texture, 
shape, and chewiness. Gluten protein network affect the stability, extensibility, 
flexibility, and cohesiveness of dough. During dough formation, short gluten flours 
negatively affect the bread quality as dough made from short chain dough proteins 
are fragile, and dough is not much stable when compared with dough formed using 
long chain gluten protein flour. Xylanase supplementation in the presence of reduc-
ing agent (L-cysteine) enhanced the elasticity, porosity, and bread volume 
[74]. Endoxylanase functionality in bread making is mainly affected by substrate 
specificity, enzyme dosage, and selectivity toward enzyme inhibitors [75]. GH10 
xylanases are known for broader substrate specificity, while GH11 xylanases are 
more specific in nature [76]. Another factor that affects the endoxylanase activity in 
breadmaking is the presence of endoxylanase inhibitors. Endoxylanases behave 
variably toward the proteinaceous inhibitors [77, 78]. Triticum aestivum 
endoxylanase inhibitor (TAXI) and endoxylanase inhibiting protein (XIP) show 
different inhibition specificities toward microbial endoxylanases. XIP is more selec-
tive toward fungal GH 10 and GH 11 enzymes, while TAXI inhibits GH11 family of 
xylanases. In addition to these inhibitors, there are other inhibitory proteins that



affect the functionality of endoxylanases in bread making [79, 80]. Activity profile 
and functionality of xylanase are affected by inhibition sensitivity of xylanase 
toward proteinaceous inhibitors [75]. 
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Xylanases are used in combination with amylases, lipases, and many other 
oxidoreductases. Application of xylanases in combination with other enzymes 
brings out the desirable rheological and organoleptic properties [20]. The complete 
hydrolysis of arabinoxylans requires synergistic action of hemicellulases. Endo-
1,4-β-xylanases of GH-11 cleave arabinoxylan backbone randomly resulting in 
long chain arabinoxylooligosaccharides, while GH10 xylanases act on short-chain 
arabinoxylooligosaccharides. These arabinoxylooligosaccharides are converted into 
xylose monomers by β-D-xylosidases (EC 3.2.1.37) from the non-reducing end, 
while arabinose residues are removed by the action of α-L-arabinofuranosidases 
(EC 3.2.1.55). Moreover, ester linkages between arabinose and ferulic acid can be 
efficiently removed by ferulic acid esterases (EC 3.1.1.73) [76, 81]. For baking 
industry, xylanases with affinity toward WN-AX are preferred over WE-AX, as the 
former remove the insoluble arabinoxylans [67, 71]. Additional benefit of xylanase 
application is increasing the concentration of arabinoxylooligosaccharides in bread. 
Arabinoxylooligosaccharides beneficially impact human gut microbiota as 
prebiotics. 

Baking industry is looking for promising approach of synergistic enzyme cocktail 
to improve baked products. These enzyme cocktails must improve the rheological 
properties and nutritional value of baked products [82]. Our understanding of the 
dough formation and baking mechanisms has increased at the molecular level and 
also the interactions between different components of dough and enzymes used, 
which demands further improvisation leading to efficient and economically tailored 
enzymes alone or in combinations for baking industry. In general, cocktails of 
amylases, xylanases, and lipases have been used in bread making [83, 84]. 

Arabinoxylan found in wheat flour endosperm is water soluble, while water-
insoluble arabinoxylan fiber can be found in cell wall polysaccharides. Enzymatic 
interactions of xylanases with insoluble arabinoxylan make it soluble. Arabinose, 
generated after the enzymatic activity, interacts with water in the dough and 
increases the volume. The increase in the volume of dough aids in creating more 
uniform crumbs and decrease in the dough firmness. The bacterial xylanases (GH-10 
and GH-11) share the major chunk over the other sources of xylanases. GH-10 
xylanases fold into TIM-barrel structure, while those of GH-11 are of β-jelly roll 
structure. 

Staling is a major area of concern for baking industry. When bakery products are 
stored for longer duration, the baked products start showing the crust and crumb state 
resulting in the spoilage of baked products. In staling, freshness, aroma, moisture, 
and elasticity are lost. Studies show that the application of xylanase softens the 
dough; the softening results from the action of arabinoxylan breakdown [85]. It has 
been shown that xylanase treatment helps in improving the organoleptic properties 
of bread by reducing the staling rate and also increasing the shelf life of baked 
products [86]. Fungal xylanase in association with α-amylase or alone showed an 
increase in crumb softness and larger loaf volume of the baked bread [87]. When



barley bread was compared with whole grain wheat bread, it was found that the 
application of cocktail of enzymes enhances the total and soluble fiber content in 
case of barley bread. Further, enzyme cocktail treatment assisted in increasing the 
volume and crumb softness of whole grain wheat bread and barley bread [88]. Ther-
mostable fungal xylanase was used along with various metal ion and amino acid 
concentrations that led to enhanced moisture content (32.33%) and improvement in 
nutritional value of bread [16]. Increase in dough volume, enhancement in moisture 
content, and reduction in crumb firmness were also observed when a xylanase from 
Aureobasidium pullulans was used; additional but minor decline was also observed 
in elasticity and gumminess [89]. When the dough was treated with Aspergillus 
niger xylanase, improvement was seen in elasticity, moisture content, stiffness, and 
coherency of dough [90]. In another study, where pentosanases and phospholipases 
were used in combination, improvement in elasticity, moisture content, stiffness, and 
coherency of bread was recorded [11]. Xylanase, when blended with other 
carbohydrate-active enzymes like cellulase and amylase, allowed better dough 
processing than the individual xylanase treatment. When xylanase was used along 
with amylase and cellulase, there was 42% increase in wheat flour dough extensibil-
ity [86]. The specific bread volume increased by 25.6% and crumb hardness was 
decreased by 46% when GH11 xylanase of Chaetomium sp. CQ31 was expressed in 
Aspergillus niger and used in bread making [87]. In a site-directed mutagenesis 
(SDM) study, it has been shown that the nature of the xylanase binding site 
significantly affects the catalytic efficiency of xylanase. Using SDM approach, 
modification was introduced in secondary binding site of the xylanase. This modifi-
cation in secondary binding site increased relative activity toward WN-AX as 
compared to the wild-type xylanase without affecting other biochemical properties. 
Mutation in the secondary binding site caused an enhancement in substrate selectiv-
ity. The mutant enzymes increased loaf volume in low dosage as compared to the 
wild-type xylanase [91]. 
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Papad is a part of traditional Indian food. It is thin, crispy having wafer-like 
texture [14] that showed the utility of xylanase in papad manufacturing. Papad 
manufactured from the black gram is arabinoxylan rich. The presence of a high 
amount of arabinoxylan in black gram is responsible for very hard dough formation 
in manufacturing papad [14]. The addition of xylanase to black gram flour improved 
the dough properties significantly. Xylanase helped in reducing the hardness of 
papad dough and also water requirement. Further, xylanase addition to dough 
reduced the oil consumption while frying the papad. There was no change in taste, 
color, or the texture of papad, when the dough was supplemented with xylanase. 

16.7 Xylanases in Juice Industry 

Fruits and vegetables are vital part of a healthy diet. In a healthy diet, fruits and 
vegetables are sources of nutrients and bioactive compounds such as 
phytochemicals, minerals, vitamins, and fibers. Fruits and vegetables are nutrient 
rich but perishable, which forced the food technologists to process them into various



processed food products. Juices are the most commonly produced form of fruits and 
vegetables which can be consumed over a longer period of time. In the mid-1930s, 
when the juice industry started delivering juice to the market, it faced a challenge of 
low juice yield and filtration for acceptable quality of juice [9]. 
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Sugary and carbonated drinks possess adverse health impact, and also, they are 
less on nutrition as compared to vegetable and fruit juices. It has been seen that fruit 
and vegetable juices are gaining high popularity over addictive and aerated drinks 
especially in developed countries [92]. There is, however, no conclusive evidence 
that proves the associated health benefits of fruit and vegetable juices [93–95], 
although juices are perceived as healthier option over sugar sweetened beverages. 
In fruits and vegetables, there are cellulose, hemicelluloses, pectin, proteins, lipids, 
and other biomolecules which contribute to the cloudiness of naturally extracted fruit 
juices. These products of fruits and vegetables contribute significantly to the color, 
aroma, and the flavor of juices. Turbidity or cloudiness and haze formation serve as 
their quality indicators. Turbidity is due to plant cell wall pectin polysaccharides and 
other polysaccharides present in juices after mechanical extraction [96], while 
protein-polyphenol interactions result in haze formation [97]. Plant cell wall-
degrading enzymes such as pectinase, cellulase, and hemicellulases are employed 
in order to remove the undesired characteristics of juices (cloudiness, turbidity, and 
haze). The application of these enzymes contributes to the quality of juices in terms 
of juice clarity and yield [98, 99]. It has been shown that xylanases can be efficiently 
employed for clarification and extraction of fruit juices [98, 100, 101]. The addition 
of xylanases to the pulp from various sources leads to improvement in yield, sugar 
content, acidity, clarity, and filterability of the juices along with a significant 
reduction in viscosity. In a recent report, various carbohydrases (β-mannanase, 
endo-xylanase, α-galactosidase, β-xylosidase, and β-glucosidase) of Aspergillus 
quadrilineatus RSNK-1 have been employed to enhance the reducing sugar content 
and enrichment of various common fruit pulps [99]. Incubation time for the treat-
ment of juice with xylanase varies according to the type of fruit pulp processed. One 
group observed that the maximum incubation time of 150, 120, and 90 min for 
orange, mosambi, and pineapple juice, respectively [102]. Prolonging the optimized 
incubation time leads to the formation of complexes of proteins with carbohydrate as 
well as other proteins [100]. Majority of investigations showed that 30–90 min of 
xylanase treatment yields favorable results [101]. It should be mentioned here that 
fruit industry prefers acidic and thermostable xylanases for downstream processing 
of fruits. Several fungal and bacterial xylanases have been reported to be acidic and 
thermostable, therefore, suitable for their application in fruit industries [99, 103, 
104]. Immobilized xylanase obtained from Trichoderma longibrachiatum was used 
to clarify orange juice at higher temperature indicating that immobilization of 
enzyme improves the thermostability [10]. There are also reports on the utility of 
neutral and alkaline xylanases in clarification of juices from various fruit pulps 
[98, 101].
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16.8 Xylanases in Wine Industry 

Wine is an alcoholic drink made from fermentation of grape juice. There are also 
wines made from other fermented fruit juices. In wine production, enzymes are 
mainly used for mashing and juice and wine treatment. The applications of enzymes 
not only influence the extraction, clarification, and filtration but also the stabilizing 
processes and aroma release resulting in quality wines. Most widely used enzymes 
for hydrolyzing the polysaccharide cell walls are pectinases, β-glucanases, and 
hemicellulases. Pectin, glucan, and xylan are responsible for viscosity, turbidity, 
and filter stoppages. Pectinase was the first endogenous enzyme used in wine making 
during the 1940s, while PECTINOL 59 L was commercialized by Rohm and Haas 
with a focus on wine industry. Endogenous enzymes were not so effective, thus 
resulted in poor clarification and methanol formation [105]. 

The first commercial use of enzymes in wine production started in the late 1960s 
after which many enzymes commercialized to cater to the needs of the wine industry. 
The first commercial enzyme mixture contained pectin esterase, polygalacturonase 
(PGase), pectin lyase (PL), and hemicellulase [13]. During initial phase of enzyme 
application in wine industry, the use of enzymes was limited to mash treatment, but 
soon enzymes have been used in making low alcohol wines, protein stabilization, 
color stabilization, flavor enhancement, aroma release, and others [18]. 

Wine making begins with crushing of grapes as grapes are the majorly used raw 
material. Cell wall-degrading enzymes cannot degrade grapes if they are not 
crushed. In wine making point of view, grape skins are very important as they 
hold flavanoids, aromas, aroma precursors, and tannins [106]. Grape berry 
comprises pectocellulosic cell walls susceptible to enzymatic degradation. These 
pectocellulosic cell walls are structurally complex in which cellulose microfibrils are 
anchored by a matrix of hemicelluloses (xylan, xyloglucan, mannan, etc.) and pectin. 
Neutral sugars like arabinose and galactose are also part of this complex 
pectocellulosic structure which hamper extraction, clarification, and filtration of 
the juice at the time of wine making. Vacuoles present in pectocelluloses are the 
source of sugars and organic acids. Hemicellulose and cellulose are present in 
varying amounts in different grape cultivars. 

There are many commercial enzyme cocktails available for use in wine making 
industry. Middle lamellar pectin is disintegrated by protopectinases which results in 
softening of tissue [107]. Further, pectinases in association with cellulases and 
hemicellulases (xylanase, xyloglucanase, and galactanase) efficiently disintegrate 
the primary cell wall of grapes [17]. Hemicellulase and cellulase in pectinase mixture 
are desired in red grapes for extracting maximum skin cell contents, but are 
unwanted in white grape maceration to limit overextraction. In one study, Cytolase 
219 (cocktail of xylanase, cellulase, and pectinase) was used for macerating three 
varieties of white grapes (Soave, Chardonnay, and Sauvignon). Application of 
Cytolase 219 improved extraction of juice from 10 to 35% and filtration rate from 
70 to 80%. There was decrease in viscosity from 30% to 70% and pressing time 
reduced to 50 min from 120 min [13]. This application of Cytolase 219 also resulted 
in energy saving as energy demand comes down to 20% from that of 40% during



cooling of fermenter, and the end product (wine) was stable in nature. This report has 
shown that if right amount of cell wall-degrading enzymatic preparations 
(hemicellulase, cellulase, and pectinase) is used, the total juice yield, grape 
pressability, and settling rate can be significantly improved. Aroma of wine is 
another sensory interest which characterizes the quality of wine. Important aromatic 
compounds of wine include monoterpenes, sesquiterpenes, norisoprenoids, 
methoxypyrazines, phenylpropanoids, higher alcohols, and esters 
[108, 109]. These aroma molecules are present as odorless glycoconjugates in 
grapes. Monoterpenes are the aroma molecules in white wine, and to enhance the 
aroma of white wine, immobilized β - D  –glucosidase and α - L  – 
arabinofuranosidase were used for degrading glycoconjugates. In enzymatic hydro-
lysis of glycoconjugates, first the monoterpenyl β - D - glucoside moieties were 
released by the action of α - L  –arabinofuranosidase and in subsequent event, 
monoterpenyl β - D  –glucosidase releases the monoterpene aroma molecule [110]. 
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16.9 Xylanases in Edible Oil Extraction 

Oil extraction at industrial level from plant sources requires recovery of oil from oil 
bearing parts of plants, refining, modification, and stabilization that results in refined, 
bleached, and deodorized oil devoid of free fatty acids, pigments, phosphatides, etc. 
Mechanical pressing and solvent extraction are two conventional methods of making 
edible oils. Industry prefers solvent extraction for oil recovery which uses n-hexane 
with over 96% of crude oil yield. But high level of n-hexane exposure affects the 
human central nervous system, and excessive use of this solvent is also not environ-
ment friendly as it emits volatile organic compounds into the environment 
[111]. Therefore, oil industry is looking for alternative eco-friendly green, safe, 
and health compliance technology for efficient oil recovery. Aqueous enzymatic 
extraction (AEE) is one such alternative source of oil extraction technology gaining 
impetus in oil industry. 

In standard aqueous oil extraction, water is used as extraction solvent to remove 
proteins and other oilseed components which are soluble in water and leaving behind 
an emulsion or free oil for separation. Lipid molecules are amphiphilic in nature, i.e., 
they have polar hydrophilic end and non-polar hydrophobic ends that aids in forming 
oil emulsion. This oil emulsion is later de-emulsified to recover oil from emulsion. 
Oil recovery using aqueous oil extraction is in the range of 26%–66% which is very 
low when compared with solvent (n-hexane) extraction method. Aqueous enzymatic 
extraction is promising oil separation technology. The low yield of oil is mainly 
attributed to water’s inability to completely degrade the cell wall components of 
oil-bearing part. Enzymes are used to overcome this limitation of water that helps in 
efficient degradation of oleaginous material. In aqueous enzyme extraction method, 
the best suited enzyme combinations are used for maximum oil recovery, and for 
that, it is important to know the biochemical composition and percentage of primary 
and secondary cell wall as well as oil bearing organelles/components [112]. Cell wall 
components are mainly made up of cellulose, hemicellulose, and pectin. To degrade



cell wall components, cellulases, hemicellulases, and pectinases are required for 
AEE, but different oleaginous plants have different cell wall biochemical composi-
tion of cellulose, hemicellulose, and pectin. The enzyme-assisted pressing employs a 
mixture of cellulases and hemicellulases. Representative oil crop feedstocks are 
presented in Table 16.1 and enzyme mixture containing xylanases in Table 16.2, 
where enhanced oil recovery has been recorded by AEE. 
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16.10 Xylan-Derived Xylooligosaccharides 

The random hydrolysis of heteroxylan by endoxylanases generates lower 
xylooligosaccharides (XOs), which exhibit a huge potential as prebiotics that can 
be included as a food supplement in a variety of food products. XOs constitute 2–7 
xylose units linked through β- [90, 113]-linkages. XOs are the only type of nutra-
ceutical that can be produced by hydrolyzing agro-industrial lignocellulosic biomass 
[12]. The global market for such XOs was valued at USD 88.1 million in 2016, 
which is expected to grow at 5.3% CAGR and may reach USD 120 million by the 
end of 2022. There are several reports on xylooligosaccharide production from 
lignocellulosic biomass by using enzymatic hydrolysis. Agro-residues such as 
wheat bran, rice husk, corn cobs, wheat straw, sugarcane bagasse, and cotton stalks 
grabbed attention as rich sources of various XOs in a cost-effective manner 
[114]. Microbial xylanases have always been a choice over chemical and 
autohydrolysis methods for producing XOs because methods other than microbial 
enzymes contaminate the XOs by adding monomeric sugars and hydroxymethyl 
furfurals (HMFs) [114–116]. Enzymatic mode of XO production has been reported 
from various bacteria and fungi, where acidic to alkaline xylanases of varying 
optimum temperatures for activity have their potential in generating XOs from 
agro-residues. In our laboratory, several thermostable and alkaline xylanases of 
Geobacillus thermoleovorans [117], Geobacillus thermodenitrificans TSAA1 
[118], and Bacillus halodurans TSEV1 [119] have been employed for releasing 
XOs from various agro-residues. In an interesting investigation [120], XOs have 
been produced from enzymatic hydrolysis of corncobs promoting the growth of four 
gut commensals (Bifidobacterium adolescentis, B. bifidum, Lactobacillus 
fermentum, and L. acidophilus), therefore supporting their role as prebiotics. 
Reddy and Krishnan [121] reported the production of XOs from wheat bran and 
groundnut oil cake. XOs of corn cobs have been detected for anti-oxidant properties 
by having concentration-dependent-free radical scavenging activity 
[19]. Immobilized enzymes/cells allow repetitive use along with functional effi-
ciency in a cost-effective manner [122]. Microbial xylanases have also been 
immobilized for XO production from various natural materials [114, 123]. 

The fungal system has also been used extensively as sources of xylanolytic 
enzymes for generating lower oligosaccharides from xylan. Aspergillus, 
Trichoderma, and Penicillium represent dominant genera for secreting acidic 
xylanases and have been investigated for XOs production [123–125]. Synergistic 
effect of recombinant xylanase (XynC) of P. funiculosum and arabinofuranosidase
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(AbfB) of A. niger showed to release a significant high level of XOs from pretreated 
sugarcane bagasse [124]. Similarly, GH10 endoxylanase of Thermoascus 
aurantiacus heterologously expressed in Pichia pastoris was used to produce XOs 
using pretreated sugarcane bagasse [126]. Commercial xylanase of Trichoderma 
viride produced 1.15 mg/ml of XOs from alkali-treated sugarcane bagasse at 40 °C at  
acidic pH 4.0 in 8 hrs [127]. While xylanase obtained from Aspergillus flavus AW1 
was used to produce XOs with antioxidant activity [128]. A triploid plant Populus 
tomentosa has been reported to be a source of XOs by using xylanase of yeast Pichia 
stipitis [129]. A commercial fungal xylanase of T. viride showed its potential by 
releasing 1.7 mg/ml of xylobiose and 1.1 mg/ml of xylotriose from a grass Sehima 
nervosum [127].
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Table 16.2 Enzyme mixtures containing xylanase for AEE of oil 

S. no. Brand name Manufacturer Presence of xylanase 

1. Nutrase Nutrex Xylanase 

2. Kemzyme Kemin Xylanase is part of mixture 

3. Maxoliva Centerchem Xylanase is part of mixture 

4. Multifect ChiralVision Xylanase is part of mixture 

5. Natuzyme Bioproton Xylanase is part of mixture 

6. Protizyme Not available Xylanase is part of mixture 

7. Rapidase LIQ Plus Not available Xylanase is part of mixture 

8. Viscozyme L Novozymes Xylanase is part of mixture 

9. Flavourzyme 1000 L Novozymes Xylanase is part of mixture 

10. GC440 DuPont Xylanase is part of mixture 

Besides endoxylanases, β-xylosidases and glycosynthases have also been 
reported for synthesis of XOs of varied properties [26, 27, 130, 131]. Two 
β-xylosidases of Aspergillus nidulans FGSC A4 produced five novel 
transxylosylation products using pNPX as electron donor and various mono-/ 
disaccharides and sugar alcohol as acceptors [26]. Similarly, a high molecular 
weight (250 kDa) β-xylosidase of Aspergillus spp. displayed transxylosylation 
activity by synthesizing (PNP) β-1,4-D-xylooligosaccharides with a degree of poly-
merization of 2–7 [45]. Synergistic action of two β-xylosidases (Xyl43A and 
Xyl43B) and one xylanase (Xyn11A) of Humicola insolens results in 1.29-fold 
increase in reducing sugars from various xylan sources [132]. Recently 
β-xylosidase of Humicola grisea var. thermoidea was successfully employed for 
saccharification of sugarcane bagasse for generating fermentable sugars [133]. 

Kim et al. were the pioneers in reporting glycosynthase-mediated XO production 
[27]. Glycosynthases exhibit an irreversible mode of catalysis, where a xylobiosyl 
fluoride donor transfers the xylobiosyl moiety either to p-nitrophenyl or β 
benzylthio-xylobioside to produce XOs of varied length [114]. One group mutated 
the Talaromyces amestolkiae xylanase by replacing glutamic acid with glycine at 
236th position that led to generation of glycosynthase. This mutated version of 
xylanase was further used to produce antioxidant XOs [134]. A handful of reports 
are available on β-xylosidase and glycosynthase-mediated XO production, thus



encouraging researchers to search for more such enzymes. Xylooligosaccharides are 
in massive demand due to their recognition as prebiotic for benefiting human health 
[114]. Current food industries are exploring the properties of XOs by incorporating 
them into various solid and liquid-based diets especially in dairy and baking 
industries. Incorporation of XOs into yogurt significantly affects various 
physiochemical properties such as pH, total solids, moisture content, and overall 
taste. Various aspects of prebiotics including XOs have been extensively reviewed 
[113] for their emerging role as prebiotics. Wheat-based cookies were prepared 
using varying concentrations of XOs that resulted in enhancement of crude and 
dietary fiber contents in cookies by 14 and 35%, respectively [15]. In addition, 
moisture content and shelf life of the cookies have also been ameliorated. XOs are 
less sweet, acidic, and thermostable in nature and require a very low amount as an 
additive to foods; therefore they can act as a sugar replacer in various food materials 
and drinks [135]. The antimicrobial activity of XOs further signifies the importance 
of these oligos in increasing the shelf life and stability of processed foods [136]. 
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Xylitol is another important compound produced from xylose fermentation, 
which has multiple applications in food, odontological, and pharmaceutical 
industries. Xylose can be biotransformed into xylitol by using various yeast strains 
in a cost-effective manner [137], [138]. Xylitol is used as a sugar substitute for 
diabetics due to having only one-third calorific value as that of sucrose [138]. It has 
other distinctive pharmacological characteristics by preventing tooth decay and ear 
infection. Approximately two-thirds of ingested xylitol can be utilized by gut 
microorganisms which show prebiotic effects by reducing the level of blood glucose, 
cholesterol, and triglycerides. In addition, the production of several short chain fatty 
acids (SCFA) such as acetate, propionate, and butyrate acts as energy sources and 
lowers the pH of the colon and thus reduce the bioavailability of several cytotoxic 
compounds of alkaline nature [138]. 

16.11 Safety and Regulation of Food Enzymes 

A commercial enzyme preparation for food industry requires safety and regulatory 
evaluations meeting international standards [139]. Most of the currently available 
industrial enzymes are microbial in origin, and microbial hosts are used to manufac-
ture these enzymes. Industrial production of food enzymes requires large-scale 
fermentation to obtain high titer of enzymes. Enzymes obtained after fermentation 
are concentrated and purified using purification technology, but some other micro-
bial metabolites of producing strain generated during fermentation process also 
remain with it. Further, preservatives and stabilizers are also added to enzyme 
mixtures. In this light, it is important to evaluate safety of enzyme preparations 
[140]. While evaluating the safety of the food enzymes, evaluator focuses on the 
enzyme-producing organism, desired enzyme, and its properties and manufacturing 
process. Enzyme-producing strain must be of generally recognized as safe (GRAS) 
[141], or it is one of the GRAS organism used for enzyme production in food 
applications, and manufacturing process must follow the good industrial



large-scale practice (GILSP). In case of recombinant strains, regulatory agencies 
desire a marker-free, minimal foreign DNA containing stable genome of host 
organism that produces the desired enzyme [142]. Further, allergenicity and toxicity 
of enzymes must be evaluated for safety considerations before use in food 
applications [140, 141]. 
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16.12 Commercialized Xylanases 

The market of carbohydrate hydrolyzing enzymes has been increasing rapidly that 
would share half of the total market of enzymes in the near future. Global market of 
food enzymes is expected to reach USD 3.6 billion by 2024 (Global Market Insights, 
Inc.). At present, the xylanase market is projected to grow at a compound annual 
growth rate (CAGR) of 6.6%. Several companies commercialize xylanase, where 
major share is that of Alltech Inc., USA (https://www.alltech.com/); Adisseo, France 
(https://www.adisseo.com/en/); BASF Enzymes LLC, California, USA (https:// 
www.basf.com/global/en/products/segments/nutrition_and_care/ nutrition_and_ 
health/enzymes.html); Novozymes, Denmark (https://www.novozymes.com/en); 
Enzyme Development  Corporation,  New York,  USA (http://www.  
enzymedevelopment.com/); Genencor, New York, USA (http://biosciences.dupont. 
c o m /  ) ;  D a n i s c o ;  C o p  e  n h a g e  n ,  D e n  m  a r k  (  h t t p s : / / w w  w .  
dupontnutritionandbiosciences.com/); DSM, Netherlands (https://www.dsm.com/ 
corporate/home.html); Associated British Foods plc London, UK (http://www.abf. 
co.uk/), and Takabio, France (https://www.takabio.com/en/). Among them, most of 
the companies provide xylanases for pulp bleaching; only a handful of commercial 
xylanases are in the market that can be used in food. Xylanase produced by Novo 
Nordisk, Denmark, has been found suitable for the brewing industry. Sanzyme X 
and Albazyme-10A are the names of commercially produced xylanases which are 
used in the baking industry. A total of 11 endo-xylanases have been commercialized 
by Megazyme, USA, that has wide applications in the food industry (Table 16.1). 
Three different xylanases (Panzea® BG, Panzea® 10X BG, and Panzea® Dual BG) 
are being commercialized by Novozymes for improving the nutritional and techno-
physical properties of bread. Novozymes further provides a range of other commer-
cial enzymes for improving the specific property of bread such as Novozymes 
Lipopan (for stronger dough), Novozymes Gluzym (for stronger gluten), and 
Novozymes Novamyl (for bread freshness). There are several ventures that provide 
xylanase with various brand names which cover the multiple facets of the food 
industry. 

16.13 Conclusions and Future Perspectives 

Enzymatic food processing is environmentally sustainable because of their low 
environmental footprint in comparison to chemical-based methods. As compared 
to chemical counterparts, enzymes are used in very low concentration to yield highly

https://www.alltech.com/
https://www.adisseo.com/en/
https://www.basf.com/global/en/products/segments/nutrition_and_care/%20nutrition_and_health/enzymes.html
https://www.basf.com/global/en/products/segments/nutrition_and_care/%20nutrition_and_health/enzymes.html
https://www.basf.com/global/en/products/segments/nutrition_and_care/%20nutrition_and_health/enzymes.html
https://www.novozymes.com/en
http://www.enzymedevelopment.com/
http://www.enzymedevelopment.com/
http://biosciences.dupont.com/
http://biosciences.dupont.com/
https://www.dupontnutritionandbiosciences.com/
https://www.dupontnutritionandbiosciences.com/
https://www.dsm.com/corporate/home.html
https://www.dsm.com/corporate/home.html
http://www.abf.co.uk/
http://www.abf.co.uk/
https://www.takabio.com/en/


specific products. Fungal xylanases are gaining momentum in food biotechnology 
where they are mainly used for modifying food products, rather than the complete 
degradation of hemicellulosic portion to xylose. In baking industry, xylanase is 
preferred as dough strengtheners instead of chemical dough conditioners, while in 
juice and wine industries, they aid in improving the taste, texture, and aroma. 
Xylanases must, however, have the desirable characteristics that aid in withstanding 
the extreme process conditions in the downstream processing. Food industries prefer 
thermostable and acidic xylanases with fair stabilities under operational conditions. 
Investigations are, therefore, called for filling the legitimate gap to find the ideal 
biocatalysts for such industries. Majority of acidic xylanases of fungal origin do not 
fulfill these criteria, thus necessitating search for more from diverse fungal sources. 
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Prebiotic nature of XOs is well-known by promoting the growth of commensal 
bacteria in the human gut. Applicability of XOs derived from lignocellulosics by 
endoxylanase action led to the production of organic acids and elevated levels of 
commensal bacteria along with a decrease in pathogen count in the gut. Very little is 
known about the mechanisms involved in modulating the gut microbiota, which 
need further investigation. Xylan is the second most copious polysaccharide after 
cellulose, which needs digestion for enhancing the nutritional value. Synergetic 
action of multiple enzymes is usually required to generate constituent sugars from 
xylan. The carbohydrate-active enzyme (CAZy) database categorizes various 
xylanolytic enzymes into 20 different families of glycosyl hydrolases from bacteria, 
archaea, and eukarya. Bacteria contribute to the major chunk of xylanases, approxi-
mately 3847. Prokaryotic xylanases are preferred over those from eukaryotic 
microbes because the former offer a broader range of xylanases with high substrate 
specificity, broad spectrum of pH and temperature optima, and fair stabilities at 
extreme pH and temperatures. These features call for more research on fungal 
xylanases. Several companies have commercialized xylanases for various 
applications in food processing industries, where most of them are of fungal origin. 
Besides traditional cultivation and advanced metagenomic techniques, DNA 
manipulations (DNA shuffling, directed evolution, and site-directed mutagenesis) 
can be used to generate improved xylanases with the desired characteristics. Food 
and healthcare industries can attempt harnessing the beneficial aspects of xylan-
hydrolyzing enzymes in order to improve overall quality of products. 
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Fungal Therapeutic Enzymes: Utility 
in the Treatment of Human Ailments 17 
Sarika Agrawal and Naveen Kango 

Abstract 

This chapter provides an overview of fungal therapeutic enzymes and 
advancements in applications of these biopharmaceuticals for the treatment of a 
variety of diseases. Due to their high specificity and catalytic efficiency, enzymes 
have been frequently used in medicine. Fungal therapeutic enzymes are used to 
treat a variety of ailments including indigestion, leukemia, pancreatic problems, 
infectious disease, and generation of prebiotics. Among these, L-asparaginase, for 
example, has been utilized in the treatment of leukemia because of its anticancer 
effects. Fungal sources now produce more than half of all the commercial 
enzymes, including therapeutic biocatalysts, as the fungi-based production is 
economically viable because of high yields and ease of bioprocess. 

Keywords 

Fungal enzymes · Therapeutic applications · L-Asparaginase · Amylase · 
β-Galactosidase · Lipase 

17.1 Introduction 

Enzymes play a major role in the pharmaceutical industry. Biochemical reactions 
catalyzed by enzymes help in mitigating diseases because of their ability to catalyze 
reactions efficiently and selectively. Enzyme-based medications are increasingly 
becoming a research focus in recent years due to their significant impact on human
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health. The global market for therapeutic proteins was valued at $7082 million in 
2017 and is expected to grow at a CAGR of 5.7% from 2018 to 2024, reaching 
$10,519 million [1]. Industrial production of these therapeutic enzymes typically 
involves the fermentation of microorganisms (bacteria, yeasts, fungi, etc.) or the use 
of genetically engineered microorganisms (GEMs). In recent years, advances in 
recombinant DNA technology, material science, protein engineering, enzyme immo-
bilization, and nanotechnology have created a powerful platform for the develop-
ment of enzyme-based medications with a wide range of applications in the 
treatment of diseases. Enzymes involved in fibrinolysis, cancer treatment, digestive 
system problems, enzyme replacement therapies, and the treatment of other rare and 
common disorders are being produced using such platforms. They may be useful in 
the treatment of a variety of human problems such as cancer treatment with amino 
acid-degrading enzymes, wound and inflammation treatment with anti-inflammatory 
enzymes, and improving food digestion with digestive aids. The discoveries and 
advancements in the production of therapeutic enzymes are more stable and effec-
tive. Several methods, including rational design, target therapy, PEGylation, immo-
bilization, glycol-engineering, and others, have been used to improve the half-life, 
solubility, and efficacy, allowing their better usage.
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Therapeutic enzymes are the biocatalysts used to treat such medical conditions 
and diseases. Enzymes have been used as therapeutic agents since the eighteenth 
century, when these were first used as a digestive aid. Since then, several therapeutic 
enzymes including L-asparaginase, L-glutaminase, protease, lipase, and 
β-galactosidase have found significant use in therapy, diagnostics, and research. 
Therapeutic enzymes have the extra benefit of binding selectively to their targets 
which distinguishes them from non-enzymatic medicines. However, these benefits 
have come with a slew of drawbacks including high production costs, elicitation of 
an immunological response, and shorter in vivo half-life periods [2]. In addition, 
finding a new mammalian system or microbes that can be used to produce therapeutic 
enzymes at a low cost and with fewer side effects is a major challenge in the 
commercial production of therapeutic enzymes [3, 4]. Therapeutic enzymes have 
broad variety of usage based on their antimicrobials, anticoagulants, mucolytics, 
thrombolytic, oncolytic, and metabolic properties [4]. 

Fungi are known to be one of the finest producers of therapeutic enzymes. 
Because of their eukaryotic origin, substrate selectivity, and stability under a variety 
of chemical and physical conditions, fungal therapeutic enzymes have received 
immense attention in the pharma industry. Owing to their ability to secrete high 
titers of extracellular enzymes, suitability for solid-state cultivation, and easy recov-
ery, fungi have become a preferred option for production of industrial enzymes 
[5]. Fungal enzymes involved in cancer treatment, digestive disorders, enzyme 
replacement therapies, and the treatment of other rare disorders are described in 
the chapter (Fig. 17.1). The chapter deals with some of the prominent fungal 
therapeutic enzymes, their production strategies, and applications.
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Fungal 
Therapeutic 

Enzymes 

Anti-
cancerous 
enzymes 

• L-Asparaginase
• L-Glutaminase
• L-Methioninase 

Enzymes as 
digestive aids

• α-Amylase
• Lipases
• β-Galactosidase
• Protease 

Anti-
inflammatory 

enzymes
•Collegenase 

Anti-
infectiton 
disease

•Chitinases 

Prebiotic 
generating  

enzymes
•FTase
•β-Mannanase
• β-Xylanase 

Fig. 17.1 Fungal enzymes used for therapeutic purposes 

17.2 Anticancer Enzymes 

Cancer, being the cause of almost 1 in every 6 deaths worldwide, is the world’s 
second biggest cause of death, with an anticipated global burden of 19 million new 
cases and 10 million deaths by 2020. By using existing evidence-based preventative 
measures, about 30–50% of malignancies can be avoided (https://gco.iarc.fr/today/ 
fact-sheets-cancers). In the last five decades, the field of oncology has witnessed the 
development of many potential solutions. 

In many cases, enzyme-deficient tumor cells cannot synthesize several essential 
amino acids and also intermediate of multiple biosynthetic pathways for its devel-
opment, proliferation, and survival [6]. In order to compensate these issues, exoge-
nous amino acid supply becomes necessary to meet protein manufacturing demands 
while maintaining rapid malignant development. This indicates that if the

https://gco.iarc.fr/today/fact-sheets-cancers
https://gco.iarc.fr/today/fact-sheets-cancers


concentrations of particular amino acids are reduced, tumor cell proliferation may be 
hampered. On the other hand, normal cells would remain unaffected because 
non-essential amino acids can be produced within the cell using key metabolic 
pathway intermediates by many enzymes [7]. Table 17.1 summarizes some of the 
prominent microbial therapeutic enzymes and their applications. 
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17.2.1 L-Asparaginase 

L-Asparaginase (L-asparagine amidohydrolase, EC 3.5.1.1) is of great importance in 
pharmaceutical and food applications. The enzyme catalyzes the hydrolysis of 
L-asparagine into L-aspartic acid and ammonia (Fig. 17.2a). L-Asparaginases 
(L-ASNase) are found in a diverse range of plants, animals, and microbes 
[10, 30]; however, microorganisms remain to be the most important source of 
L-asparaginase. More importantly, bacterial L-asparaginase is a chemotherapeutic 
enzyme used to treat acute lymphoblastic leukemia in children. Currently, commer-
cial L-asparaginase formulations are derived from Escherichia coli and Erwinia 
carotovora. L-Asparaginases can be found in two distinct forms at two different 
subcellular locations. It is produced constitutively in the cytoplasm as a homo-
dimeric form (L-ASNase I) with a low affinity for L-asparagine. The homo-
tetrameric form (L-ASNase II) of L-ASNase found in the periplasm has a high 
affinity that is positively regulated by inducers (cyclic AMP) and anaerobiosis 
[31, 32]. Due to its ability to limit tumor growth and strong affinity for 
L-asparagine, the second version has received considerable attention from 
researchers. 

Enzymes derived from bacteria can cause adverse reactions such as a relatively 
high rate of immunological response, silent hypersensitivity, thrombosis, pancreati-
tis, hyperglycemia, poor plasma half-life, and hepato-toxicity [33]. To obtain an 
enzyme with less adverse effects, other microbial sources of L-asparaginase must be 
identified, such as eukaryotic microorganisms. Therefore, research is being done to 
identify novel sources of L-asparaginase. Due to their eukaryotic origin, fungal 
L-asparaginase is a possible alternative [34]. Many species of fungi that produce 
L-asparaginase in significant amount include Aspergillus, Mucor, and Penicillium 
spp. [35, 36]. Trichoderma, Cladosporium, and Saccharomyces cerevisiae also 
produce L-asparaginase [37, 38]. Anticancer properties on different cell lines have 
been tested using purified L-asparaginase derived from marine Aspergillus niger 
AKV-MKBU [11]. In other study, A. terreus producing recombinant L-asparaginase 
having estimated molecular weight of 42.0 kDa which shared 75% homology with 
Aspergillus nomius and 71% with A. nidulans L-asparaginase [10]. A gold nano-
biocomposite was developed by immobilizing fungal L-asparaginase from A. terreus 
MTCC 1782 onto gold nanoparticles which showed anticancer activity against lung 
cancer cell line A549 [39]. 

The development of synthetic biomaterials that resemble blood cells and blood 
cell nano-crystallization may reveal the directions in which blood cell 
membrane-based delivery systems will progress in the future [40]. When compared
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to free or PEGylated L-asparaginase, this approach prevents proteolytic cleavage and 
reduced antibody recognition, which minimizes the overall dose frequency and 
immune response risk [41].
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Fig. 17.2 Schematic representation of mechanism of action of therapeutic amidohydrolases: (a) 
L-asparaginase, (b) L-glutaminase, and (c) L-methioninase 

L-Asparaginase is used in the food sector in addition to being an anticancer agent. 
When reducing sugar and the asparagine found in starchy foods react in a Maillard 
reaction, a serious carcinogen named acrylamide is formed. In a report, 
L-asparaginase of A. terreus was used for the pretreatment of kochchi kesel banana 
slices before frying to mitigate acrylamide formation during frying. The optimal 
soaking temperature and time were found to be 60 °C and 20 min, respectively [42]. 

L-Glutaminase (EC 3.5.1.2) is also an amidohydrolase that catalyzes the conver-
sion of L-glutamine to L-glutamic acid and ammonia in the presence of water 
(Fig. 17.2b)  [43]. L-Glutaminases are used as therapeutic agents in cancer therapy, 
particularly in the treatment of acute lymphocytic leukemia. In vitro tests showed 
that the treatment was effective against a variety of human cancer cell lines 
[44]. Apart from its function as a medicinal enzyme, L-glutaminase is also used in 
the food industries as a flavor enhancer. The catalytic product of glutaminase, i.e., 
glutamic acid, provides umami (monosodium glutamate) flavor to fermented foods. 
The SmF technology has been used commercially to produce glutaminase. 
L-Glutaminase has been produced using submerged cultures of Aspergillus sojae, 
Aspergillus nidulans, Verticillium malthousei, Tilachlidium humicola, and



Penicillium notatum [45]. Few fungal recombinant L-glutaminases such as A. sojae, 
A. oryzae, and Cryptococcus sp. [12, 13] have also been studied. 
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The pyridoxal 5′-phosphate (PLP)-dependent enzyme L-Methionine γ-Lyase 
(MGL, EC 4.4.1.11) catalyzes the conversion of L-methionine to α-ketobutyrate, 
methanethiol, and ammonia (Fig. 17.2C). Methionine synthase is absent or present 
in low amounts in methionine-dependent tumor cell lines [46]. However, in healthy 
cells, it can use betaine and methyl tetrahydrofolate as methyl group donors to 
synthesize methionine from homocysteine. As a result, dietary methionine defi-
ciency stops tumor cells from dividing in the G2 phase that leads to cell death 
[15]. MGL is a homo-tetrameric protein that has a molecular weight of about 
149–172 kDa, and monomer is about 41–45 kDa [14]. Since it was found to be an 
effective anticancer agent against a variety of tumor cell lines, including breast, lung, 
colon, kidney, and glioblastoma, L-methioninase is one of the few microbial 
enzymes with significant therapeutic efficacy. The MGL has been reported from 
several fungal species, such as Aspergillus flavipes, A. carneus, Penicillium notatum, 
Fusarium solani, Geotrichum candidum, and Scopulariopsis brevicaulis [15, 47, 
48]. 

17.3 Enzymes as Digestive Aids 

17.3.1 a-Amylase 

α-Amylases (EC 3.2.1.1) are predominant glycosyl hydrolases involved in the 
digestion of carbohydrates that catalyze the conversion of starch to malto-
oligosaccharides and dextrin. It is a member of glycoside hydrolase family 
13 (GH13), which produces primarily maltodextrins and maltose while maintaining 
α-anomeric structure in the products by randomly cleaving the α-1, 4 links between 
adjacent glucose units in starch and related polysaccharides [49]. There are two types 
of amylases, viz., exo- and endo-amylases. The non-reducing end of starch is 
hydrolyzed by exo-amylases. Endo-amylases are enzymes that break down glyco-
sidic bonds within the starch molecule [50]. Recombinant fungal amylases, which 
are active in the dough but inactive during baking, have been identified from 
mesophilic hosts like A. oryzae and are particularly interesting to the food sector 
since they match the temperature and pH range utilized in applications. The structure 
and activity of fungal α-amylases from Cordyceps farinosa, Rhizomucor pusillus, 
and Thamnidium elegans, which have greater pH tolerance and thermostability, have 
also been reported. The fungal α-amylase has an activity range of pH 4.4 to 6.0 
[16, 51]. α-Amylases should be properly chosen in accordance with the requirement 
if they have properties that are compatible with industrially significant process 
parameters, such as temperature, pH, substrate type, concentration, and presence 
of metal ions. Between species and even strains of the same species, purified 
α-amylase’s biochemical characteristics might vary significantly. Amylases were 
first commercialized in 1984 as a pharmaceutical supplement for the treatment of



digestive diseases. Amylases are also used in fine chemical industries as well as in 
medical diagnosis [17, 49]. 
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Amylases are used in a variety of sectors including food, alcohol, textiles, 
detergents, and paper industries [52]. Amylases are most commonly utilized in the 
starch industry, where they are used for starch hydrolysis in the starch liquefaction 
and saccharification process generates maltose and malto-oligosaccharides, thus, 
useful in baking and sugar syrup industries [16]. A wide range of bacterial species 
secrete thermostable amylases Bacillus licheniformis, B. stearothermophilus, and 
B. amyloliquefaciens [53]. Fungal amylases or diastases are commercially available 
as Unienzyme® pills, Pepmax®, Zymtase®, Pepfiz®, and other digestive aids 
[17]. Several multinational companies (Novozymes, DuPont Danisco, AB Enzymes, 
Dyadic, BASF, DSM, and others) are engaged in the production of amylases in the 
commercial sector. Some α-amylase-producing fungal species include genus Asper-
gillus (A. oryzae, A. awamori, A. kawachii), Penicillium spp. (P. brunneum, 
P. expansum, P. chrysogenum, P. fellutanum, P. roqueforti, P. camemberti, 
P. janthinellum, and P. olsonii), Thermomyces lanuginosus, Thermomonospora 
curvata, Cryptococcus flavus, and Mucor sp. [16, 21, 54]. In another study, 
A. oryzae IFO-30103 was used to produce α-amylase having molecular weight 
51.3 kDa. The purified enzyme showed stability at the pH range of 4.5–7.2 with 
optimum pH 5.5 [55]. Zhang et al. [56] constructed recombinant α-amylases of 
A. niger after removing amyR (encoding a transcription factor) which enhanced the 
amylase synthesis with low background proteins. 

17.3.2 Lipases 

Lipases (triacylglycerol hydrolases, E.C. 3.1.1.3) catalyze the hydrolysis of 
triacylglycerol to glycerol and fatty acids. The versatility of lipases makes them 
suitable for applications in various sectors including food, dairy, detergents, 
pharmaceuticals, biodiesel manufacturing, leather, textile, cosmetics, and paper. 
Because of their catalytic activity, low cost of production, and relative simplicity 
of genetic manipulation, fungal lipases stand out as one of the most important 
industrial enzymes [5]. In terms of medicinal relevance, lipases are used to treat 
dyspepsia, gastrointestinal problems, cutaneous symptoms of digestive allergies, and 
other infections. Initially, microbial lipases were obtained from A. flavus and Peni-
cillium oxalicum. Lipases showed pH-dependent activities; usually, they are stable at 
neutral pH 7.0 or up to pH 4.0 and 8.0. Extracellular lipases were produced by 
A. niger and Rhizopus sp., which are active at acidic pH, and alkaline lipases were 
produced by Pseudomonas nitroreducens, which is active at pH 11.0. Lipases are 
capable of reversing esterification and inter-esterification processes in the absence of 
water under specific experimental conditions [18, 57]. Although cofactors are not 
required for the production of lipase activities, Ca2+ increases the activity 
[19, 58]. Co, Ni2+ , and Hg2+ severely decreased lipase activity, while Zn2+ ,  Mg2+ , 
EDTA, and SDS mildly hindered it. Widely used immobilized lipases are Novozym 
435, Lipozyme TL IM, and Lipozyme RM IM sourced from Candida antarctica,



T. lanuginosus, and R. miehei, respectively [19]. The 3D crystal structures of lipases 
from R. miehei and Geotrichum candidum were resolved. Lipases are reported to be 
monomeric proteins and have a molecular mass in the range of 19–60 kDa [18]. In 
1994, Novo Nordisk introduced the first commercial recombinant lipase “Lipolase” 
which originated from the fungus Humicola lanuginosa (T. lanuginosus) and was 
expressed in A. oryzae. The major lipase producing genera of filamentous fungi 
include Rhizopus, Aspergillus, Penicillium, Mucor, Ashbya, Geotrichum, Beauveria, 
Humicola, Rhizomucor, Fusarium, Acremonium, Alternaria, and Eurotium 
[18, 58]. Commonly used immobilized lipase (Relisorb®) is used in the form of a 
digestive enzyme cartridge. The medicinal use of lipase improves health of patients 
by enhancing fat digestion and absorption. 
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17.3.3 b-Galactosidase 

The enzyme lactase, also known as β-Galactosidase (β-d-galactoside 
galactohydrolase, EC 3.2.1.23), hydrolyzes lactose into glucose and galactose and 
is usually utilized to produce lactose-free milk and other products. β-Galactosidases 
are extracted from bacteria, fungi, and yeasts [59]. This enzyme is important because 
it has numerous applications in the food industry, including the creation of lactose-
free milk products for persons who are lactose intolerant and the synthesis of 
glycosylated products. People suffering from lactose intolerance are unable to 
consume milk and dairy products. Lactose intolerance affects over 70% of the 
adult population worldwide. Lactose absorption requires the activity of the lactase 
enzyme, which is present in the small intestine and works by breaking the bond 
between the two monosaccharides. β-Galactosidases are also used to treat whey and 
prebiotics [60]. Lactase is sold under a variety of brand names including Lactaid®, 
Dairy ease®, Silact®, Lacdigest®, etc. β-Galactosidase derived from A. oryzae was 
immobilized under optimal acidic reaction condition and form copper microflower 
structure [61]. A. niger produced 24.64 U/mL of β-galactosidase (76 kDa) [20]. This 
enzyme is also responsible for the transgalactosylation of lactose to allolactose, 
which is then split into monosaccharides. Allolactose regulates the quantity of 
β-galactosidase in the cell by providing positive feedback when it binds to the 
lacZ repressor. 

17.3.4 Proteases 

Proteases are a wide class of enzymes that catalyze the breakdown of peptide bonds 
in proteins. They are also known as peptidases or proteolytic enzymes. Peptide bond 
cleavage either results in the breakdown of protein substrates into their individual 
amino acids or, in more specific cases, in the selective cleavage of proteins for post-
translational processing and modification. According to the position of the peptide 
bond that has to be broken, proteases are categorized as peptide hydrolases or 
peptidases (EC 3.4), which make up a wide family of enzymes. Exopeptidases



(EC 3.4.11–19) and endopeptidases (EC 3.4.21–99) are the two subgroups of 
proteases. Additionally, they can be divided into three groups based on the pH 
ranges they prefer: alkaline (pH 8.0 to 13.0), neutral (pH 6.0 to 8.0), and acidic 
(pH 2.0 to 6.0) [53, 62]. The main source of the acidic protease is a fungus. The uses 
of alkaline proteases in the food and detergent sectors make them the most signifi-
cant. The Enzyme Commission has recognized four mechanistic classes, and within 
these groups, six families of proteases have been identified to date: serine proteases 
(EC 3.4.21), serine carboxy proteases (EC 3.4.16), cysteine proteases (EC 3.4.22), 
aspartic proteases (EC 3.4.23), metalloproteases I (EC 3.4.24), and metallo-
carboxyproteases (EC 3.4.17). In the Global Enzyme Market Report 2018, protease 
segment alone made one-fourth share of the global enzyme market in 2017 (www. 
businesswire.com/news/home/20180628006408/en/Global-Enzymes-Market-
report-2018). 
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In numerous physiological and pathological processes, including protein catabo-
lism, blood coagulation, cell growth and migration, tissue organization, morphogen-
esis during development, inflammation, tumor growth, and metastasis, proteases 
play a crucial role. These processes also include the release of hormones and 
pharmacologically active peptides from precursor proteins, the transport of secretory 
proteins across membranes, and the activation of zymogens [63]. 

Neto et al. [64] reported novel peptides with antioxidant potential produced from 
egg and milk proteins hydrolysis with two new fungal proteases isolated from 
Eupenicillium javanicum and Myceliophthora thermophila. There have been 
attempts in recent years to use SmF or SSF to produce various proteases from a 
variety of substrates. A number of fungal strains have been used to produce proteases 
belonging to the genera Aspergillus, Penicillium, Rhizopus, Mucor, Humicola, 
Thermoascus, Thermomyces, etc. 

Different fungal protease genes have been cloned and sequenced using recombi-
nant DNA technology in order to improve their output under ideal circumstances. 
Genes encoding protease in the fungal strains T. reesei, Aspergillus nidulans, 
A. oryzae, and P. chrysogenum have been expressed heterologously [65]. Fungal 
proteases are utilized as therapeutic agents to treat a wide range of diseases including 
diabetes, hepatic malignancy, cancer, HIV, inflammatory diseases, and cancer. 
Additionally, elastoterase preparation was used to treat severe abscesses, purulent 
wounds, carbuncles, and furuncles [66]. Clinical therapy that uses collagenolytic 
proteases directly includes the treatment of retained placenta, sciatica caused by 
herniated intervertebral discs, and wound healing [23]. In medicine, some fungal 
potent sources of keratinase may be used in the degrading of keratinized skin, 
removing hair, preparing a vaccine for dermatophytosis, and increasing the delivery 
of fungal drugs [67]. Digestive powders are made using fungus aspartic proteases 
from A. niger [68]. In the pharmaceutical sector, alkaline protease is also utilized as a 
digestible to treat cystic fibrosis. These proteases regulate aberrant bile salt 
concentrations and pancreatic selections [69]. Since alkaline protease specifically 
targets fibrin and encourages its destruction, it is employed as an anticancer drug in 
thrombolytic therapy to treat malignant cells [65]. Human immunodeficiency virus 
(HIV), which typically targets immune cells, has been treated with protease

http://www.businesswire.com/news/home/20180628006408/en/Global-Enzymes-Market-report-2018
http://www.businesswire.com/news/home/20180628006408/en/Global-Enzymes-Market-report-2018
http://www.businesswire.com/news/home/20180628006408/en/Global-Enzymes-Market-report-2018


inhibitors as a therapeutic treatment. Many protease inhibitors for HIV have received 
FDA approval. Ritonavir, amprenavir, and indinavir were among these inhibitors. 
These inhibitors bind to HIV and prevent the virus from replicating [70]. A few 
protease inhibitors are presently undergoing clinical trials; TMC-114 (Tibotec) is at 
the clinical phase III stage, and RO033–4649 (Roche) has entered the phase I stage. 
One of the autoimmune illnesses of the digestive system known as celiac disease 
affects the small intestine as a result of inadequate digestion of toxic peptides 
generated from gluten, such as gliadin. Recently, many protease-based treatments 
have successfully treated celiac disease when combined with a healthy diet and a 
gluten-free diet [71]. 
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17.4 Anti-inflammatory Enzymes 

17.4.1 Collagenase 

The fibrous structural protein known as collagen accounts for 30% of all the proteins 
in the body and is mostly found in the skin, tendons, bones, teeth, blood vessels, 
intestines, and cartilage. Each collagen molecule is a tiny, rigid stick generated by 
the interlacing of three alpha chains, or polypeptides, in a triple helix. Collagenases 
have been shown to have a number of therapeutic benefits in the treatment of burns, 
intervertebral disc herniation, keloid, cellulite, lipoma, and other disorders. Most 
widely used commercial source of collagenase is Clostridium histolyticum, which is 
a pathogenic bacterium. Also, collagenase-producing fungi belonging to genera 
Aspergillus, Cladosporium, Penicillium, Monacrosporium, Trichophyton, 
Microsporum, and Alternaria have been reported. Microbial collagenases are capa-
ble of degrading triple-helical collagen and denatured fragments in various sites and 
are less specific [24, 72]. Collagenases have different applications in the medical 
field. Collagen re-modeling and cell migration during tissue repair and regeneration 
is a critical step in the wound healing process where collagenase plays a vital role. 
These are also used to treat sciatica, in the treatment of a retained placenta, in 
preclinical therapeutic research for liver cirrhosis, and in the case of accumulation 
of fibrous plaques in specific body organs (Dupuytren’s contracture and Peyronie’s 
disease) [72]. 

17.5 Anti-infection Enzymes 

17.5.1 Chitinases 

Chitinases (EC 3.2.1.14) are glycosyl hydrolases that break down β-1,4-glycosidic 
linkages of chitin [73]. Exo-chitinases facilitate the gradual release of 
di-acetylchitobiose, while endo-chitinases randomly cleave chitin at interior 
locations to produce soluble, low molecular oligomers of N-acetylglucosamine. 
Many harmful organisms, such as fungus, protozoa, and helminths, include chitin



in their cell wall. A chitinolytic enzyme generated from bacteriophage has been used 
to degrade the cell wall of Streptococcus pneumoniae, Bacillus anthracis, and 
Clostridium perfringens [74]. Among fungi, chitinases have been reported from 
S. cerevisiae [29] and T. lanuginosus [75]. Chitinases can also be used to remove 
dead skin from burns. Chitinases can be used as potential biomarkers in prognosis 
and diagnosis of several inflammatory diseases and allergies. 

17 Fungal Therapeutic Enzymes: Utility in the Treatment of Human Ailments 505

17.6 Enzymes Used in Generating Prebiotics 

Prebiotics are nutrients that are selectively utilized by gut bacteria. Prebiotic 
oligosaccharides have gained popularity as nutraceuticals as a result of growing 
awareness of the harmful effects of antibiotics and the relevance of prebiotics in 
modulating gut flora [76]. They can nourish the intestinal flora, and their breakdown 
products are short-chain fatty acids that reach to the bloodstream impacting not just 
the gastrointestinal (GI) tract but also distant organs. Fructooligosaccharides (FOS) 
and mannooligosaccharides (MOS) are two types of prebiotics that have been shown 
to improve human health. Because oligosaccharides are found in meager amounts in 
meals, scientists are exploring methods to synthesize prebiotics on a large-scale 
using microbial enzyme. Prebiotics appear to be promising in boosting human health 
either as a replacement or in conjunction with probiotics. 

17.6.1 b-Mannanase 

Endo 1, 4 β-mannanases (EC 3.2.1.78) randomly cleave β-1, 4 glycosidic linkages in 
the mannan backbone at random, resulting in the formation of various MOS 
[26, 27]. Mannans are mostly made up of repeated units of mannose joined together 
by β-1, 4-glycosidic linkages. Mannans are diverse in nature and are classified as 
glucomannan, galactomannan, or galactoglucomannan based on the presence of 
glucose in the backbone and/or galactose units as side chains [77]. Recently, MOS 
from konjac glucomannan, copra meal, and locust bean galactomannan was pro-
duced using endo-mannanase from Aspergillus quadrilineatus. Trametes versicolor, 
Pleurotus ostreatus, Ceriporiopsis subvermispora, Piptoporus, and Schizophyllum 
commune are examples of white-rot and brown-rot basidiomycetes linked to forest 
litters and are known to produce mannanolytic enzymes [78]. Prebiotics are widely 
used in the poultry industry. Examples include commercial preparations like 
SAF-mannan®, Bio-Mos®, and Active MOS®, which contain α-MOS produced 
from yeast. Guar gum is hydrolyzed by fungal endo-mannanases into partially 
hydrolyzed guar gum (PHGG), a heat-tolerant, water-soluble, acid-stable, and 
taste-free dietary fiber [79]. PHGG ingestion has been proven to improve gut 
microflora in both animals and humans. These are reported to provide benefits in 
the treatment of irritable bowel syndrome (IBS) and constipation by growth promo-
tion of probiotic bacteria [80]. Tuohy et al. [81] found that PHGG supplementation 
increases the population of probiotic bacteria, Bifidobacterium and Lactobacillus.  In



a study, A. terreus β-mannanase produced DP3 as predominant oligomer with locust 
bean gum and guar gum, while DP4 was generated from konjac gum [82]. 
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17.6.2 Fructosyltransferase 

Fructosyltransferase (FTase, EC 2.4.1.9) is a major biocatalyst in the production of 
prebiotic fructooligosaccharides (FOS). It catalyzes the hydrolysis of sucrose 
molecules as well as the transfer of newly formed fructose residues to acceptor 
sugar molecules. Fructo-oligosaccharides have bifidogenic, low-calorie, anti-dia-
betic, anticancer, anti-cariogenic, anti-oxidant, hypolipidemic, and immuno-
modulatory effects on the host. They also help to improve mineral absorption in 
the intestines [28]. A number of filamentous fungi and yeasts belonging to Aspergil-
lus, Penicillium, Rhizopus, Fusarium, Xanthophyllomyces, Aureobasidium, 
Kluyveromyces, and Saccharomyces have been explored as FTase producers. FTases 
have also been reported from A. oryzae, A. ibericus, A. aculeatus, and 
Aureobasidium pullulans using SmF [83]. 

17.6.3 b-Xylanases 

Endo-1, 4-D-xylanases (EC 3.2.1.8) are xylanolytic enzymes that cleave the inner 
1, 4-xylosidic linkages of the xylan backbone to produce xylooligosaccharides 
(XOS) [84]. Among glycosyl hydrolase (GH), GH10 and GH11 families of 
xylanases have received a lot of attention [85]. 

Xylanases find use in food industry, animal feed, production of biofuels, the pulp 
and paper bleaching, and the production of XOS [86]. XOS are oligomers consisting 
of xylose units with a DP ranging from 2 to 6 [87]. It is anticipated that the global 
market for XOS will increase from USD 93 million in 2017 to USD 130 million in 
2023 [84]. Several notable studies demonstrated that XOS had antioxidant and free 
radical scavenging activity, indicating their potential nutraceuticals 
[88, 89]. Xylanases from the several fungi such as A. oryzae, Aspergillus kawachii, 
Cryptococcus sp., and Penicillium sp. showed high activity under acidic condition 
[85, 86, 90, 91]. 

17.6.4 Xylitol Production 

Xylitol is a five-carbon sugar alcohol that occurs in nature and is also a common 
intermediate in human metabolism. Xylitol prevents enamel demineralization, which 
lowers acid generation, and has a direct inhibitory impact on mutans streptococci. It 
also reduces plaque formation and bacterial adherence [92]. These benefits have led 
to its frequent and consistent use in the food and confectionery sectors [93], and its 
chemical and nutritional characteristics have been thoroughly examined. The



characteristics of xylitol and its prospective applications as an alternative sweetener 
are of primary interest. 
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The yeast Candida tropicalis DSM 7524 ferments xylose into xylitol, a nutritive, 
low-calorie sweetener. The best possibilities for generating xylitol in microbes are 
yeasts, which use xylose as a possible substrate. In this regard, extensive study has 
been conducted on a number of yeast strains from the species C. boidinii, 
C. guilliermondii, C. parapsilosis, and C. tropicalis of the genus Candida [94], in 
order to metabolically modify industrial diploid S. cerevisiae strains used in the 
bioethanol sector and further utilize recombinant strains in the synthesis of xylitol in 
sugarcane straw hydrolysate [95]. 

17.7 Conclusions 

Fungal enzymes have a wide range of applications in the treatment of different 
diseases including digestive ailments, cancer, infectious diseases, and several others. 
The production of therapeutic enzymes by fungi is both cost-effective and environ-
mentally benign. The need of the hour is to evaluate novel enzymes from newer 
strains, as well as to upgrade and improve the existing ones. Isolation, overproduc-
tion, and innovative uses of the fungal enzymes in biopharmaceutics should be 
further investigated to harness their benefits over the conventional chemical thera-
peutic agents. 
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Abstract 

Heterologous protein production in the methylotrophic yeast, Pichia pastoris, has 
gained immense popularity owing to the growing demands for recombinant 
molecules in the health-care and industrial sectors. Its ability to produce correctly 
folded, bioactive and glycosylated products at high cell densities makes it a 
desirable expression platform for molecules of therapeutic relevance. Its well-
studied genetics and availability of efficient vectors and strong promoters have 
encouraged researchers to utilize it as an expression platform for large-scale 
production. Further, genetic manipulation of P. pastoris has successfully led to 
the development of glycoengineered strains that are robust and effective in 
producing humanized glycoproteins. The P. pastoris expression system has 
many applications, where scientists are constantly working towards the commer-
cialization of its products. Currently, few commercially marketed Pichia-based 
products are used for agricultural, industrial and medical interventions. However, 
many recombinant products are in the preclinical stage, waiting for regulatory 
approval. This chapter highlights the current scenario of the protein production 
system and genetic manipulations based on P. pastoris. Further, the chapter 
discusses its applications and prospects as a leading protein expression platform 
for enzymes and biopharmaceuticals. 
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18.1 Introduction 

The advent of genetic engineering strategy in 1973 by Herbert Boyer and Stanley 
Cohen opened the avenues to create functional organisms that contained genetic 
material from different species. This strategy paved the way to introduce foreign 
genes into an organism to express and produce recombinant proteins of commercial 
and therapeutic relevance. Several expression hosts of bacterial, mammalian, plant, 
insect and yeast origin have been successfully exploited to produce recombinant 
products. Escherichia coli has emerged as a champion organism due to its simple 
genetics and strategies to develop economical production processes [1]. The bacte-
rial expression system, however, has several bottlenecks like inclusion body forma-
tion and the absence of post-translational modification (PTM) mechanisms. Further, 
the lack of glycosylation and phosphorylation in E. coli, which are important for the 
functional characteristics of a protein, limits its use for therapeutic protein produc-
tion [2]. Hence, alternate hosts are being explored to overcome the barriers posed in 
the E. coli expression system. 

Saccharomyces cerevisiae has developed into a well-characterized eukaryotic 
yeast expression platform that acts as a model organism for recombinant protein 
production. It can carry out PTM and secrete proteins into the culture supernatant, 
thereby simplifying the downstream processing steps. Additionally, it has a remark-
able ability to tolerate unfavourable conditions (acidic, high ethanol and sugar 
concentration) as compared to E. coli. Although S. cerevisiae has been demonstrated 
as an efficient host, the methylotrophic yeast, Pichia pastoris, has become an 
efficient cell factory for recombinant protein production due to its effective secretion 
system [3]. Further, along with their Generally-Regarded-as-Safe status (GRAS), 
they can carry out PTM, making them suitable hosts for the production of 
biopharmaceuticals. Several proteins of therapeutic interest like insulin, recombinant 
human growth hormone (rHGH), anticancer drugs, hormones, food and beverage 
products, molecules of agricultural importance, detergents, biofuels and vaccines 
have been successfully expressed in these expression hosts [4–6]. 

18.1.1 Yeast as a Host for Recombinant Protein Production 

Yeasts are widely studied microorganisms whose role in industrial and medical 
biotechnology is being explored. They possess several distinctive characteristics as 
they are amenable to genetic modifications, have a comparable fast growth and can 
be scaled up to the bioreactor level using simple carbon sources. Yeasts have



emerged as a multifaceted system for the economical and high-level production of 
vaccines as they can express a myriad of antigens. Saccharomyces cerevisiae and 
Pichia pastoris have emerged as powerful expression platforms for the development 
of both animal and human vaccines. Several drug approval agencies, such as Food 
and Drug Administration (FDA) and European Medicines Agency (EMA) have 
provided approval for producing cytokines, enzyme substitutes, insulin molecules 
and vaccines in these yeast cells. The major benefit of using yeast for biotherapeutics 
production is that they are not contaminated with the virus, thereby eliminating virus 
testing for molecules synthesized in yeast. For vaccine production, P. pastoris has 
proven to be a better host over S. cerevisiae since it possesses a less immunogenic 
glycosylation pattern and does not cause hyper-glycosylation of proteins. Moreover, 
high cell density fermentation and specific secretion of recombinant products further 
reduce the overall production costs [4–6]. 
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18.1.2 Pichia pastoris 

The methylotrophic yeast, P. pastoris, was introduced as a single-cell protein (SCP) 
for animal feed that later was developed as an expression platform for recombinant 
proteins. It is widely studied as a model organism for research purposes. The growth 
of Pichia cells in the presence of methanol causes peroxisomes to proliferate, which 
helps in the study of development, deposits and degradation of organelles 
participating in the β-oxidation of fatty acids in eukaryotes. It has a simple genetic 
makeup with an efficient regulation of carbon metabolism. Its ability to metabolize 
one-carbon compounds makes it an interest of research in biorefinery [7]. 

The protein expression in P. pastoris is initiated under tightly regulated methanol-
inducible AOX promoter. It shows a preference for respiratory growth, supporting 
higher cellular biomass. It possesses features like ease of genetic manipulation, 
higher specific growth and choice of intracellular and extracellular expression with 
proper post-translational modifications. It can grow to high cell density in minimal 
media. Moreover, protein-free media lacking endotoxins and viral contamination are 
used to produce high levels of recombinant molecules. Apart from glycosylation, it 
carries out proper polypeptide folding, methylation and acylation of recombinant 
proteins and directs them to different subcellular compartments. Numerous proteins 
of commercial and therapeutic interest, such as bovine serum albumin, erythropoie-
tin, trypsin, phospholipase C, phytase, isobutanol, α-amylase and antibody 
fragments, have been expressed using this yeast expression system [8–10]. 

18.1.3 Pichia pastoris vs Other Expression Hosts 

The bacterial expression host, E. coli, has been widely used since 1980s for protein 
expression studies. It has a well-defined genetic makeup, shows a higher growth rate 
and is amenable to genetic modification. However, protein expression in E. coli can 
be demanding under specific conditions. One major issue associated with this



expression system is the formation of insoluble proteins aggregating to form inclu-
sion bodies. Moreover, it lacks post-translational protein modifications, leading to 
unfavourable expression of eukaryotic proteins. The glycosylation modification is 
especially critical for therapeutic proteins that should not raise any antigenic immune 
response when delivered to humans. Even though it can be easily scaled up to a 
bioreactor level, its high cell density cultivation is limited. Hence, there is a need to 
move to eukaryotic hosts such as yeast that may overcome the hurdles present in the 
E. coli protein expression platform. S. cerevisiae stands as the next desirable 
eukaryotic host for protein production. Its ability to carry out post-translational 
modifications and tolerate hostile conditions such as low pH and high sugar 
concentrations makes it a model organism for recombinant protein expression. 
Nevertheless, S. cerevisiae-based expression system also possesses some 
drawbacks. It has been observed that the secretion ability of this yeast is limited, 
resulting in moderate expression yields. Further, it has an unbalanced metabolic 
system that leads to excessive by-product formation. S. cerevisiae adopts a fermen-
tative mode of metabolism and produces ethanol at high cell density cultivation. 
Although glycosylation is an important modification for the functional aspects of a 
protein, the glycosylation pattern in S. cerevisiae differs from that of mammalian 
cells. The O-linked glycosylation consists of only mannose residues in this yeast, in 
contrast to higher eukaryotes, which have O-linked chains with sialic acid residues. 
In addition, S. cerevisiae causes hyper-glycosylation of the N-linked sites, altering 
the protein binding and functionality. Furthermore, it terminally adds α-1,3 mannose 
glycan linkages in the core of long oligosaccharides that are hyperallergic and hence 
not desirable for therapeutic molecules [3, 7, 11–13]. 
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As a result, P. pastoris serves as an ideal protein expression host that overcomes 
the challenges posed by the other two host systems. Apart from sharing its features 
with mammalian cell lines, such as CHO cells, it can be manipulated in a cost-
effective manner. In addition, its fast expression rate and ability to process proteins 
co- and post-translationally makes it a promising expression system for eukaryotic 
proteins, and it can also be scaled up to a bioreactor level to obtain high cell 
densities. Moreover, it has a specific secretion mechanism and secretes very few 
native proteins into the culture supernatant, thereby reducing the downstream 
processing costs. It can carry out disulphide bond formation and the target proteins’ 
O- and N-linked glycosylation. Pichia may not hyper-glycosylate glycoproteins as it 
adds short oligosaccharide chains to the proteins. It also lacks immunogenic α-1,3 
mannose residues, making it appropriate for biopharmaceutical production. Further, 
a low degree of O-glycosylation has been observed in P. pastoris [12]. 

P. pastoris has been developed as an effective expression platform and model 
organism for recombinant products. Recently efforts have been made to engineer its 
genome to make it more suitable for producing products with humanized glycosyla-
tion patterns in high cell density cultivation. This chapter describes the various 
components of the P. pastoris-based expression system, highlighting the commercial 
ventures undertaken using this methylotrophic yeast.
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18.2 Pichia pastoris as a Protein Expression Platform 

18.2.1 P. pastoris as a Methylotrophic Yeast 

Apart from P. pastoris, a few species of yeast such as Hansenula and Candida 
possess the ability to grow on methanol. There was immense research interest on 
these methylotrophic strains, especially on P. pastoris, to produce single-cell protein 
(SCP) by utilizing methanol as the sole carbon source. The Phillips Petroleum 
Company was responsible for developing P. pastoris fermentation media and 
protocols used to synthesize SCP from methanol. However, due to the oil crisis in 
the 1970s, SCP production was deemed commercially unviable, and instead, 
P. pastoris emerged as one of the relevant organisms for biotechnology use. 
Along with Salk Institute Biotechnology/Industrial Associates Inc. (SIBIA, La 
Jolla, CA, USA), the Phillips Petroleum Company utilized this yeast to produce 
recombinant proteins [14]. It has emerged as a successful host for studying heterol-
ogous protein expression and peroxisomal biogenesis. The estimated genomic size 
of P. pastoris GS115 is 9.43 Mbp and assembled into four chromosomes containing 
5313 coding genes (http://www.pichiagenome.org) [15]. 

The utilization of methanol as the sole carbon source involves a metabolic 
pathway comprising several enzymes. Alcohol oxidase (AOX) in the methanol 
utilization pathway is encoded by two genes, i.e. AOX1 and AOX2. AOX1 gene is 
responsible for the significant fraction of the methanol-oxidizing activity, thereby 
converting methanol to formaldehyde and hydrogen peroxide. The regulation of 
AOX1 is carried out at the transcription level by the strong methanol-inducible 
promoter, PAOX1. The tightly regulated PAOX1 promoter is induced by methanol, 
whereas it undergoes repression in the presence of glucose, glycerol or ethanol 
[16, 17]. 

18.2.2 Glycosylation 

The most commonly used post-translational modification is glycosylation, which is 
further divided into N- and O-linked glycosylation. An N-linked glycosylation refers 
to the addition of Glc3Man9GlcNAc2 oligosaccharide to asparagine residue present 
within the consensus sequence N-X-S/T. The high mannose glycans in P. pastoris 
consist of 9–16 mannose residues. The role of N-glycosylation has been widely 
studied as it takes part in the signalling of protein folding involving calnexin. The 
O-linked glycosylation involves the addition of mannose residue to the serine or 
threonine amino acid residues [18].

http://www.pichiagenome.org
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18.2.3 Recombinant Protein Production Using P. pastoris 
as Expression Host 

The expression of a foreign gene in P. pastoris requires the introduction of the gene 
into an appropriate expression vector with a strong promoter and the insertion of the 
expression cassette into the host cell genome. The selection of P. pastoris strains for 
recombinant protein expression is also critical for product quantity and quality [12]. 

18.2.3.1 Expression Vectors 
The P. pastoris expression vectors comprise (a) promoter sequence located in the 5′
region, (b) transcription terminator sequence in the 3′ region and (c) a multiple 
cloning site. The episomal vectors are not used in P. pastoris; instead, the expression 
vectors are first linearized and then are allowed to integrate into the host genome. 
The development of expression cassette is done in E. coli with the help of shuttle 
vectors. Shuttle vectors carry an origin of replication for plasmid propagation in 
bacteria and have resistance to different agents such as geneticin (Kan), zeocin 
(Sh ble), blasticidin (Bsd), ampicillin (Amp) and formaldehyde (FLD1). Further, 
the secretion of foreign proteins into the extracellular medium is supported by the 
presence of secretion signals such as S. cerevisiae α-mating factor and acid phos-
phatase (PHO1) native to P. pastoris [12, 19]. 

18.2.3.2 Promoters 
The AOX1 promoter of the methanol utilization (MUT) pathway is a strong promoter 
and hence used in developing several expression vectors. Under the regulation of the 
AOX1 promoter, the expression of the heterologous proteins is tightly regulated and 
maintained by a repression/de-repression system. The biomass production and 
protein induction phases are separate in AOX-regulated expression. A higher bio-
mass is achieved when the AOX1 promoter is repressed by the presence of carbon 
sources apart from methanol. Whereas an increased protein expression level is 
attained when the AOX1 promoter is induced by methanol. However, the 
methanol-inducible system has several drawbacks. It is a highly flammable chemi-
cal, making its large-scale storage unfavourable. The monitoring of methanol levels 
is difficult during fermentation. The need for a different biomass and protein 
production phase makes the mechanism more cumbersome. Further, the use of 
methanol for the production of food-grade materials is not approved [20]. 

The promoter of glyceraldehyde-3 phosphate dehydrogenase (GAP) in the gly-
colysis pathway is a strong promoter and utilized for the constitutive expression of 
recombinant proteins. The GAP promoter has several advantages over the inducible 
AOX1 system, as it does not require a methanol phase, thereby avoiding methanol-
related hazards [21]. The GAP promoter has been shown to target the expression of 
proteins reaching levels similar to that of the AOX1 promoter. Since it does not 
require an induction step, the process becomes much simpler and shorter [22]. 

The FLD1 (formaldehyde dehydrogenase I) is an alternate promoter similar to the 
AOX1. It is a strong promoter induced either by methanol or methylamine when used 
as a sole carbon and nitrogen source, respectively. When methylamine is used as an



inducer molecule, it is typically used in conjugation with sorbitol or glucose as a 
carbon source. Since both the AOX1 and FLD1 promoters are induced by methanol, 
methylamine can be used to induce separately only one of the genes cloned under the 
FLD1 promoter. Based on this, Duan and co-workers worked on developing a dual 
promoter vector system comprising AOX1 and FLD1 promoters. The vector was 
used to target the co-expression of green fluorescent protein (GFP) and gelatin. 
While gelatin was secreted into the extracellular broth, GFP was expressed intracel-
lularly under the FLD1 promoter. Moreover, it was reported that induction using 
0.5% methanol was sufficient to co-express both the proteins [23]. 
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The promoter of ICL1 gene coding isocitrate lyase enzyme of glyoxylate cycle 
has been used as an alternative to express recombinant proteins. The promoter 
repression occurs when glucose is present, but it is induced in the absence of glucose 
or the presence of ethanol. Other promoters such as PEX8 and YPT1 are moderate in 
strength and result in low foreign protein expression. This is especially desirable 
when high-level protein production from strong promoters results in improper 
folding and subsequent degradation of proteins. The PEX8 promoter regulates the 
expression of peroxisomal matrix protein required for the biogenesis of peroxisome. 
It is expressed at a low level when cells are grown in glucose, but upon shifting to 
methanol, the expression increases. YPT1 encodes GTPase whose promoter is used 
to target low constitutive heterologous protein expression. Several compounds, such 
as glucose, mannitol or methanol, can be used as suitable carbon sources [20]. 

Since the inducible promoters in P. pastoris are based on the induction caused by 
particular carbon or nitrogen sources, attempts have been made to design promoters 
that are not based on growth media components. Under certain circumstances, 
shifting the yeast cells into a different carbon or nitrogen source may not be 
favourable for induction. Hence, as a viable solution to this problem, Koller and 
co-workers developed a vector where the CUP1 promoter native to S. cerevisiae was 
cloned into pPIC3K, creating the pJV4 vector. The efficiency of this vector was 
tested by expressing GFP-SKL (green fluorescent protein–tripeptide peroxisomal 
targeting signal) under the CUP1 promoter that was induced by the addition of 
copper [24]. The ADH3 gene (alcohol dehydrogenase) native to P. pastoris is 
involved in ethanol consumption, and the role of its promoter in recombinant protein 
expression has been studied. The ADH3 promoter was targeted to express Aspergil-
lus niger xylanase (XylB), and its efficacy was highlighted by comparing its expres-
sion with the GAP and AOX1 promoters [25, 26]. 

18.2.3.3 Selection Markers 
The selection markers in a vector are required to carry out the genetic manipulation 
of P. pastoris. There are several antibiotic resistance genes, such as Sh ble (zeocin), 
bsr (blasticidin), nptII or nptIII (kanamycin), out of which the Sh ble gene is the 
widely used drug resistance marker native to Streptoalloteichus hindustanus. Other 
commonly used resistance markers include the blasticidin S deaminase (BSD) gene 
endogenous to Aspergillus terreus that imparts resistance to blasticidin [9]. Novel 
vectors containing resistance for G418 have been created that house a modified 
Tn903kanr gene that allows selection in both bacteria and P. pastoris. These vectors



pKAN B and pKANα B are beneficial since they are more economical, efficient, 
offer high transformation efficiency and have small sizes [27]. The P. pastoris FLD1 
gene encodes the enzyme formaldehyde dehydrogenase. The yeast fld1 mutants have 
an enhanced sensitivity to formaldehyde, and its resistance increases with an 
increase in the number of FLD1 genes, which can be used as a selection marker. 
The FLD1 gene can be used as a marker that allows the selection of transformants 
with a higher degree of resistance towards formaldehyde [28]. Another drug resis-
tance marker that has been studied is the soraphen resistance gene that imparts 
resistance against soraphen A, a macrocyclic polyketide native to Sorangium 
cellulosum [29]. The hph gene native to Klebsiella pneumoniae was placed under 
the regulation of S. cerevisiae TEF1 (transcription elongation factor) promoter to 
construct hygromycin resistant P. pastoris expression vectors. The efficacy of this 
system was tested by carrying out the constitutive or inducible expression of green 
fluorescent protein (GFP) and human serum albumin (HSA) [30]. 
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Apart from antibiotic resistance genes, biosynthetic markers of S. cerevisiae and 
P. pastoris are used as efficient selection markers. Although S. cerevisiae genes such 
as ARG4 (argininosuccinate lyase) and HIS4 (histidinol dehydrogenase gene) have 
been developed as selection markers, genes native to P. pastoris have also been 
explored. The characterization of P. pastoris ARG4, ADE1 and URA3 genes has 
shown that these are similar to the S. cerevisiae enzymes encoding argininosuccinate 
lyase, PR-aminoimidazole succinocarboxamide synthase and orotidine-5′-
-phosphate decarboxylase, respectively. The mutant strains of P. pastoris, namely 
ade1, arg4 and ura3, highlight the development of expression systems based on 
these biosynthetic markers [31]. Screening of P. pastoris genome has also helped in 
characterizing other biosynthetic genes native to P. pastoris such as ARG1, ARG2, 
ARG3, HIS1, HIS2, HIS5 and HIS6, which have been observed to show homology 
towards S. cerevisiae counterpart genes [32]. The range of P. pastoris selection 
markers have been diversified by the cloning and characterization of MET2 gene that 
is homologous to the S. cerevisiae MET2 gene (ScMET2). This gene encoding the 
enzyme homoserine-O-transacetylase was used as a biosynthetic marker to construct 
the intracellular and extracellular Pichia expression system [33]. 

18.2.3.4 Secretion Signals 
The major advantage of using P. pastoris as an expression host is that it secretes a 
high quantity of properly folded proteins into the culture media. The frequently used 
signal sequences include S. cerevisiae α-mating factor (α-MF) and invertase (SUC2), 
as well as its native acid phosphatase (PHO1)  [34]. The α-MF is a pre-pro-signal 
peptide consisting of a pre-sequence of 19 amino acid residues, followed by a 
67-residue pro-sequence. There are three consensus N-glycosylation targets along 
with a processing site for dibasic Kex2 endopeptidase. A three-step strategy 
accounts for the processing of the α-mating factor. The first step involves the 
removal of the pre-sequence by signal peptidases in the endoplasmic reticulum. 
This is followed by the action of the Kex2 endopeptidase that cleaves between 
the arginine and lysine residues and removes the pro-sequence. In the final step, the 
Ste13 protein causes the rapid cleavage of the Glu-Ala repeats, a phenomenon in the



Golgi apparatus. Although the α-MF is a widely used secretion signal, certain 
proteins that, when fused to it, are not appropriately processed and get retained in 
the ER or Golgi. As a result, various strategies such as site-directed mutagenesis has 
been used to remove particular sets of amino acids in the α-MF and fused to target 
proteins (horseradish peroxidase and Candida antarctica lipase B) to improve the 
secretion efficiency [35]. A range of alternate signal peptides, including that of 
Aspergillus niger α-amylase, P. pastoris Exg1p, Kluyveromyces marxianus 
inulinase, Gallus gallus lysozyme, Homo sapiens serum albumin and S. cerevisiae 
invertase, has been tested for the efficient secretion of the sweet protein, 
brazzein [36]. 
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PIR (Protein with Internal Repeats) are covalently linked cell wall proteins 
extensively found in budding yeast such as S. cerevisiae, Yarrowia lipolytica and 
P. pastoris. Two different PIR proteins Pir1p and Pir2p were isolated from 
P. pastoris genome, out of which Pir1p consists of a pre-pro type of structure with 
a site for Kex2 protease. A novel expression system was constructed based on the 
Pir1 signal sequence, where the secretion signal was used to drive the successful 
extracellular expression of GFP, and therapeutic proteins such as human α-1-
antitrypsin (AAT) and streptokinase [37, 38]. Further studies on secretion signals 
have highlighted the usage of murine IgG1 signal peptide for targeting the secretion 
of VRC01, a neutralizing antibody against HIV. The better secretion capability of 
murine IgG1 signal peptide as compared to α-MF offers the possibility of obtaining 
high yields of a range of antibody molecules [39]. 

18.2.3.5 Host Strains 
The strains of P. pastoris used for expression studies are obtained from NRRL-Y 
11430 (Northern Regional Research Laboratories, Peoria, IL, USA) or the wild-type 
P. pastoris X-33 strains. The auxotrophic strains such as arg4, his4 and ura3 and 
their combinations could be used as selectable markers. The most widely used strain 
has a mutation in the histidinol dehydrogenase (HIS4) that helps in selecting 
expression vectors containing the HIS4 gene after transformation. The degradation 
of recombinant proteins is an undesirable phenomenon that lowers protein yield and 
activity and hinders downstream processing. As a result, several protease-deficient 
strains have been developed that are efficient for proteins sensitive to degradation. 
Some of these strains including SMD1163, SMD1165 and SMD1168 are deficient in 
proteases such as vacuolar aspartyl protease (PEP4), carboxypeptidase Y (PRC1) 
and proteinase B (PRB1) [9, 34]. 

Although protein glycosylation is an important post-translational modification, it 
may prove to be a concern depending on the applications of the protein. Glycosyla-
tion confers modified characteristics and functions to the glycoprotein. A lack of 
sialic acid residue causes quick removal of the protein from the bloodstream. Hence, 
studies have focused on engineering P. pastoris to humanize N-glycosylation in the 
organism. Several strategies have been proposed, such as inactivating the OCH1 
gene (α-1,6-mannosyltransferase), which imparts hyper-mannosylation in yeast 
cells [40].
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18.2.3.5.1 PichiaPink Yeast Expression System 
PichiaPink™ is an efficient P. pastoris-based system that screens transformants 
expressing high protein titers. These strains have numerous advantages over the 
already existing P. pastoris strains. The major characteristic feature of these strains is 
that they are auxotrophic for ADE2 gene that is unable to grow in adenine-deficient 
media due to the complete and partial deletion of the ADE2 gene and its promoter, 
respectively. The ADE2 participates in the de novo synthesis of purine nucleotides. 
The commercially available kit contains a vector with a full-length ADE2 gene under 
the regulation of its own promoter, which is also employed as a selection marker. 
Hence, positive transformants regain the ability to grow on a minimal medium as the 
ADE complementation is achieved. Further, this system provides an easy pink/white 
screening system such that the pink colonies synthesize less quantity of the ADE2 
protein, but the white colonies express higher amounts of ADE2 protein, indicating a 
high number integration of the foreign gene. In addition, three protease-deficient 
strains of PichiaPink™ are available. These knock-out genes of the proteases are 
pep4 (proteinase A), prb1 (proteinase B) and a double knock-out strain lacking both 
proteinase A and B. The strong AOX1 promoter drives the high-level expression of 
the heterologous proteins. Several therapeutic proteins such as human serum albu-
min (HSA), Ganoderma lucidum immune regulatory protein, lactoferrin and human 
platelet-derived growth factor-BB have been expressed successfully using the 
PichiaPink™ system [41–43]. The protease-deficient strains of this system have 
proven to be fruitful as it was used to surface-display Rhizomucor miehei lipase 
(RML) in P. pastoris [44]. 

18.2.3.5.2 GlycoSwitch® 
Biopharmaceuticals that are therapeutically relevant require post-translational 
modifications (PTM), out of which glycosylation is the most common protein 
modification. One of the glycol-engineered strains of P. pastoris is GlycoSwitch® 
by BioGrammatics, Inc., which has a deleted OCH1 gene that helps in mannose 
chain extension. Further, this strain possesses α-1,2-mannosidase to trim the Man8 
to Man5 glycan. Thus, the strain has acquired the ability to produce glycoproteins 
with a humanized N-type glycosylation pattern [45]. Several therapeutic 
biomolecules such as L-Asparaginase, antibody Trastuzumab (Herceptin) and 
human interferon-alpha 2b have been successfully expressed using the 
glycoengineered strains of P. pastoris [45–47]. 

18.2.3.6 Methanol Utilization (MUT) Phenotypes 
There are three different strains of P. pastoris depending upon their methanol 
utilizing ability. In cases where both the AOX genes are present within the Pichia 
genome, the strains are referred to as Mut+ phenotype (methanol utilization plus). 
This strain is characterized by a higher growth rate than other strains. The second 
phenotype is the Muts strain (methanol utilization slow) that possesses only the 
AOX2 gene and has the AOX1 gene knocked out. Since the AOX2 gene is regulated 
by a weak promoter pAOX2 and accounts for only 15% of the AOX activity, the 
growth rate in Muts phenotypes is low due to the slow utilization of methanol. The



third phenotype, Mut- strain, does not contain both the AOX genes and hence has 
lost the ability to grow on methanol. The methanol utilization pathway genes are 
transcriptionally repressed in Mut+ and Muts cells when grown at a high glucose or 
glycerol concentration [48]. 
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18.2.3.7 Transformation in P. pastoris 
Yeast transformation can be carried out using chemical, enzymatic and physical 
methods. The chemical methods use reagents such as lithium chloride, lithium 
acetate or polyethylene glycol (PEG). The physical methods include electroporation, 
which is preferred over the chemical or glass bead method. Spheroplast preparation 
is the enzyme-based strategy that involves the preparation of spheroplasts, followed 
by plating on regeneration agar for transformants. Spheroplast generation is a 
cumbersome process and less efficient, therefore, other alternatives are preferred. 
Alkali metal ions and detergents are often explored to prepare competent cells. When 
electroporation and LiCl methods were compared for the transformation of Candida 
tropicalis xylose reductase in P. pastoris, it was found that the number of 
transformants were 1 × 106 and 2 × 103 , respectively. The DNA-mediated transfor-
mation in Pichia depends on several factors such as economics, convenience and 
size of the expression cassette [49, 50]. 

P. pastoris expression vectors are integrative, not episomal. The vector DNA is 
linearized and transformed into the host, which produces stable transformants via 
homologous recombination between the vector and host DNA sequences. The multi-
copy integrants are favoured to achieve a higher quantity of the desired product. The 
in vitro multimerization is another approach to create multiple copies of expression 
cassettes before transformation to a selected strain. The post-transformational vector 
amplification (PTVA) is an approach to generate recombinant strains with a genome 
possessing head-to-tail copies of the vector, integrated at a single locus. Further, 
vector based on antibiotic resistance gene such as Sh ble can be used to configure 
zeocin resistance. Hence, if the expression cassette has integrated in multiple 
numbers into the Pichia genome, then a higher quantity of the resistance gene 
product will be produced, thus imparting a higher resistance to the drug. However, 
such a process is considered to be time-consuming and inefficient [19, 51, 52]. 

18.3 Genetic Manipulation of Pichia for Protein Production 

Methylotrophic yeast P. pastoris is a widely used expression host to produce 
recombinant products. Secretion of recombinant proteins, minimum contamination 
from intrinsic Pichia proteins, efficient glycosylation and high cell density cultiva-
tion makes it an effective expression platform. In past years, plenty of efforts have 
been made to understand the physiology, cell biology and genetics of Pichia. 
Nevertheless, the high-level production of recombinant proteins depends on several 
optimization steps. Thus, to target efficient production, the optimization strategies 
involve host strain engineering, modulation of cultivation conditions such as media 
components and physiological growth parameters, alteration in signal peptides and



fine-tuning of different expression cassettes. In the following section, various engi-
neering aspects of Pichia are discussed in detail (Fig. 18.1). 
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Fig. 18.1 Different strategies for engineering the Pichia host system for recombinant protein 
expression. (a) Engineering of promoters; (b) different genomic integration strategies for enhancing 
the efficiency of homologous recombination; (c) engineering of terminator sequences; (d) secretory 
pathway engineering; (e) cell surface display technology for the construction of minicellulosome 
and other enzyme systems; (f) engineering of N-glycosylation for humanization of the Pichia 
glycosylation pathway 

18.3.1 Engineering of Pichia Promoters 

The desired gene expression is determined by several factors where promoter choice 
plays a significant role. The sequence of core promoter, cis- and trans-acting 
elements, 5′-UTR, TATA box, upstream and downstream sequence from the start 
codon and mRNA secondary structures are key features that determine the protein 
expression levels [53]. PAOX1 is the most extensively employed promoter for protein 
expression in Pichia. The AOX1 promoter is tightly regulated with a complete 
repression of transcription in the presence of a carbon source (glucose/glycerol). It 
exhibits high promoter activity in the presence of an inducer (methanol). However, 
the yeast promoters are, in general, more complex with higher size (PAOX1 950 bp) 
than bacterial promoters (<100 bp). Moreover, there is minimal knowledge avail-
able related to the molecular mechanisms and cis-acting elements of the AOX1 
promoter region, which regulates the protein expression level. In recent years, the 
underlying mechanism and regulatory elements of the promoter that govern the level 
of expression are studied. Berg and co-workers used the combinatorial mutagenesis 
approach employing random mutations to engineer the PAOX1 [54].
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The combinatorial mutagenesis approach was employed to determine the cis-
acting elements of PAOX1 that govern glucose repression. Two regions of PAOX1 were 
studied, the core region sequence, which spans 15 bp upstream of the presumed 
TATA box to around 35 bp downstream from the start site of transcription. The 
library of mutants containing randomly mutated synthetic nucleotides of the core 
region was cloned individually in a modified pPPE20 vector (which contains Zeocin 
resistance marker downstream of PAOX1) followed by a transformation in the GS115 
strain. A second set of the library was created with mutations in the region 90 bp 
upstream of the core region of PAOX1. Both these libraries were then screened for 
enhanced zeocin tolerance compared to the control strain under the presence of 
glucose as a repressing molecule. A total of five different transformants with 
enhanced zeocin tolerance were selected. These promoter variants contained 2- to 
18-point mutations. Two of the variants having mutations directly upstream of the 
TATA box had only 2 and 3 mutations, respectively, which indicates the role of 
these single nucleotide mutations in the glucose repression of PAOX1. Moreover, the 
other three transformants carried multiple point mutations (11–19) in the core region 
as well as 90 bp upstream of it. Hence, using combinatorial mutagenesis and 
selection method, the role of the core region and 90 bp upstream region from the 
core was identified to be significant in glucose repression of PAOX1. Similarly, the 
PAOX1 variants supporting a higher level of protein expression were screened in the 
presence of an inducer. The transformants carrying mutations were screened for the 
presence of increased zeocin tolerance under the PAOX1 inducible conditions (meth-
anol). In the final step, three promoter variants were selected, which contained over 
5–12-point mutations in the promoter’s randomized region, which was also found to 
be essential for glucose repression. This could be explained by the presence of cis-
acting elements present in the same region of the promoter and determine the 
methanol induction and glucose repression properties of PAOX1 [54]. 

Hartner et al. [55] studied the regulatory elements which dictate the expression 
level of PAOX1 using site-directed mutagenesis and overlap extension PCR for 
promoter library preparation. The study aimed at making deletion mutants and 
thus identify small regions that function as regulatory elements and classify the 
transcription factor (TF) that binds and regulates AOX1 activity. In silico analysis 
facilitated the identification of putative transcription factor binding sites (TFBS). 
Using this methodology, the promoter variants with activity ranging from 6 to 160% 
were generated with the identification of 12 cis-acting elements [55]. Mutations 
within the TFBSs led to a change in promoter strength. Additionally, seven regions 
in the PAOX1 were identified where deletion of either complete putative TFBSs or its 
small core sequence could decrease the AOX1 promoter activity by >50%. Further, 
mutations were also introduced in the AOX1 promoter, which resulted in altered 
positioning of trans-acting factors. 

Ata and co-workers [56] conducted a similar study where they constructed the 
GAP promoter variants. The variants were generated by either the series of deletion 
or duplication of the transcription factor binding site in the PGAP promoter. The 
expression level of the reporter gene (GFP) was improved in a range of 0.35–3.1 
compared to wild-type promoter variants. Various putative transcriptional factors



were also studied later, which could modulate the activity of PGAP. A GAL-4-like 
transcription factor was found essential for the improved activity of the GAP 
promoter. An engineered PGAP containing the duplicated region for the binding of 
GAL-4-like TF and the strain overexpressing this transcription factor showed a 3.1-
fold enhancement in GFP expression level [56]. 
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Xuan and co-workers [57] identified a region D located in a position between -
638 and -530 as the cis-acting element of the AOX1 promoter using deletion and 
insertion strategies. Upon insertion of three copies of region D in a strain carrying a 
deletion of this region in the promoter showed 157% enhancement in expression 
levels [57]. The 5′ untranslated region has also been reported to be critical for 
regulating the translational efficiency of the AOX1 promoter as it contains cis-acting 
elements with positive and negative regulatory functions [58]. 

Poly (dA:dT) tracts in the yeast genome and AOX1 promoter play an essential role 
in transcription regulation and, hence, promoter activity. These tracts also influence 
the affinity and occupancy of nucleosomes. Yang and colleagues demonstrated that 
deletion and alteration in the length of Poly (dA:dT) tracts could improve the AOX1 
promoter activity resulting in enhanced production of porcine growth hormone from 
0.25 to 3.5. Thus, engineering the Poly (dA:dT) tracts in the promoter region could 
be an effective strategy to achieve a higher expression level of target proteins [59]. 

A transcriptional regulator, PpNrg1, has also been recognized as an AOX1 
promoter repressor [60]. The PpNrg1 binding site has a conserved region to those 
found in the binding site of activator proteins such as Mit1. Thus, the similarity in the 
binding regions of these antagonistic molecules suggests the competition between 
the binding of repressors and activators. In another study, Wang and co-workers 
identified an essential regulator of AOX1 promoter, namely, methanol-induced 
transcription factor 1 (Mit1), and defined the role of two other crucial regulatory 
factors, Prm1 and Mxr1. These factors work in a cascade to regulate the AOX1 
promoter. In the absence of methanol, the Mxr1 localizes to the cytoplasm. In 
the presence of methanol, the Mxr1 re-localizes to the nucleus and derepresses the 
PAOX1. De-repression of AOX1 and the presence of methanol further cause the 
activation of Prm1, which induces its own expression and also activates the induc-
tion of Mit1. Mit1 activation results in robust activation of the AOX1 promoter. Mit1 
also inhibits Prm1 in a feedback loop to prevent its own accumulation [61]. 

Furthermore, for improved expression of target genes, the strategies have been 
designed to construct the synthetic promoters that contain both the native promoter 
and the cis-acting element [59]. Vogl et al. proposed the synthesis of a synthetic 
promoter for P. pastoris. For the generation of the synthetic promoter, sequence 
alignment of a set of promoters was done, leading to the identification of the 
consensus promoter sequence. Further, the transcription factor binding sites were 
introduced in the consensus sequence to construct a core promoter. The synthetic 
core promoters thus generated were fused to the PAOX1 upstream region, leading to 
several promoter variants. These variants exhibited improved AOX1 activity from 
10 to 117% compared to the wild-type AOX1, where GFP was used as a reporter 
gene [62, 63].
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A detailed study of yeast core promoter has been done using the high-resolution 
systematic approach where the 200 bp core promoter sequence from the start codon 
was studied. The entire region was characterized systematically, where at one time, 
three adjacent nucleotides in the wild-type promoters were mutated to three AAA or 
CCC triplets. Using a systemic biology approach, 130 promoter variants were 
generated with eGFP as a reporter gene. A significant change in the expression of 
eGFP was seen in the case of nine variants having cytosine-triplet, while triple 
adenine mutant variants did not show any substantial change in expression level 
[62]. Thus, the numerous strategies described above could lead to a better under-
standing of regulatory elements and, therefore, could generate a high strength AOX1 
promoter. 

18.3.2 Host Cell Engineering 

In order to engineer host strains, three factors need to be considered: (a) complete 
information regarding the genome; (b) availability of genome engineering tools; 
(c) existence of sufficient genetic elements such as promoters and different sites for 
integration, enabling stable gene expression. The genome sequence of Pichia has 
been extensively annotated and available on www.pichiagenome.org. However, 
there are very few studies that detail the genetics and physiology of the Pichia 
host. The non-homologous end-joining (NHEJ) is a predominant method for double-
stranded DNA repair after the transformation of linear DNA. The targeted homolo-
gous recombination with knock-out cassette possessing homologous arms is a less 
efficient and uphill task in the Pichia host than S. cerevisiae. For specific targeting of 
genes by knock-in and generation of knock-outs with high efficiency, a DNA 
helicase II subunit 1, Ku70 homologue gene in Pichia, was deleted. Ku70 has 
been implicated in playing a role in NHEJ. The Ku70 deletion strain (generated by 
knocking out 215 bp in the KU70 locus) exhibited improved efficiency (up to 90%) 
in gene targeting when ADE1 and HIS4 were used as integration loci [64]. In another 
study, the gene associated with NHEJ, the homolog of the dnl4 gene (DNA ligase 
IV), was deleted. Further, double mutants were also constructed carrying a deletion 
in both the ku70 and dnl4 genes. The deletion mutant strains were examined to alter 
the efficiency of targeting genes by gene knock-in and knock-out experiments. The 
strain carrying deletion in Dnl4 displayed improved chances for homologous recom-
bination in comparison to the control strain and Ku70 deletion strain. Further, the 
gene targeting efficiency of the dnl4-ku70 knock-out was more than the single 
knock-out genes. Hence, these deletion strains with enhanced efficiency for homol-
ogous recombination can be employed for further strain improvement as well as for 
the generation of platforms for functional analysis [65]. 

The CRISPR/Cas9 gene-editing tool has been successfully employed in Pichia 
pastoris to disrupt specific genes. Weninger and co-workers first established the 
rapid, marker-less and precise engineering of the Pichia genome using CRISPR/ 
Cas9. Using this technique, the gene targeting efficiency could be reached up to 
100%. To achieve this aim, the expression of Cas9 protein was optimized [66]. The

http://www.pichiagenome.org


gene disruption studies were performed using the optimized CRISPR/Cas9 system 
involving the knock-out of multiple genomic loci at once and the integration analysis 
of homologous DNA cassettes. Further, using this strategy in ku70 deletion strains 
significantly improved single loci and multi-loci integration efficiency. Moreover, a 
system involving dCas9 protein (inactive endonuclease) has been developed. The 
CRISPR/dCas9 contains sgRNA that guides the dCas9 for binding to the preferred 
DNA sequence. Due to inactive nuclease activity, the dCas9 cannot perform 
DNA-breaking activity. The binding of dCas9 to the favoured sequence prevents 
the interaction and binding of transcription factors to the DNA, thereby resulting in 
transcription inhibition. Thus, the CRISPRi technique could identify the regulatory 
regions in the promoter, which determines the protein expression. For example, the 
attachment of dCas9 to the sequence present between -468 and -487 regions of 
PAOX1 resulted in the repression of AOX1 promoter activity [67, 68]. 
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Cai and co-workers [69], employed CRISPR/Cas9 for extensive engineering of 
yeast. The efficiency of homologous recombination was improved, resulting in 
enhanced proficiency in effortless gene disruption and integration of multiple 
genes simultaneously. The study identified 46 sites in the genome for stable integra-
tion and expression of target genes with profiling of 18 promoters for gene regula-
tion. A two-factorial regulation strategy was thus established by integrating the 
characterized promoter and genomic integration sites for fine-tuning the expression 
of any desired gene. Further, the overexpression of genes involved in homologous 
recombination, such as RAD52, resulted in efficient DNA integration and impecca-
ble gene deletion. Different neutral sites and promoter combinations were used for 
metabolic engineering of the fatty alcohol biosynthesis pathway, which resulted in a 
30-fold improvement in fatty alcohol production (12.6–380 mg/L) [69]. 

The Pichia host was engineered to produce a substantial amount of human 
membrane proteins, which are the primary target for drugs. The expression of 
mammalian origin membrane proteins in yeast has always remained a challenging 
task for researchers due to the differences in the membrane sterols present in the 
yeast and animal cells. For this purpose, the host’s sterol pathway was engineered to 
produce cholesterol instead of ergosterol as the key sterol. Genes encoding 
dehydrocholesterol reductase (DHCR7, DHCR24) were integrated into the genome 
under the constitutive GAP promoter. The engineered strain exhibited an increased 
level of stable human Na, K-ATPase α3β1 production. The cholesterol-producing 
Pichia supported higher expression, activity and stability of Na, K-ATPase α3β1 at  
the plasma membrane. The engineered strain can be employed to synthesize other 
membrane proteins [62, 70]. 

18.3.3 Humanization of Glycosylation Pathway 

Efforts have been made to humanize the N-glycosylation of proteins expressed in 
Pichia. The yeasts and humans diverge in the N-glycosylation pathway after 
generating Man8GlcNA2 intermediate. In humans, no further addition of mannose 
occurs afterwards. In contrast, the α-1,6 mannose residues are added in the



Man8GlcNA2 intermediate in yeasts, leading to Man9GlcNAc2, which further acts as 
a substrate for hyper-mannosylation. To achieve humanization of N-glycosylation in 
Pichia, the following five steps are mandatory: (a) inhibiting the activity of 
α-1,6-mannosyltransferase; (b) construction of combinatorial libraries for the correct 
subcellular localization of enzymes involved in the processing step; (c) employing 
different sources for catalytic domains; (d) to secure the accessibility of UDP– 
GlcNAc in the Golgi; (e) efficient and rapid screening method for identification of 
recombinant glycoproteins with the anticipated structure of oligosaccharide. In the 
initial step, deletion of the OCH1 gene involved in the generation of high mannose 
structures was done to prevent these undesirable molecules, which are difficult to 
access by α-1,2-mannosidases. Further, in the screening of transformants with the 
ability to convert the intermediate protein Man8GlcNAc2 to Man5GlcNAc2 protein, 
the OCH1 deletion strain was employed. The deletion strain was transformed with 
the gene library, which contains the gene encoding synthetic α-1,2-mannosidases 
required to form Man5GlcNAc2. The genetic libraries possessing the gene for the 
catalytic domain of mannosidase enzyme were screened using a reporter gene 
expression. The deglycosylation was performed to analyse the N-glycans release. 
The released glycans were characterized by MALDI-TOF mass spectroscopy. Pichia 
was engineered to achieve the next step of humanized N-glycosylation using a 
similar strategy. For this purpose, the fusion library of leader-GlcNAc transferase-I 
was constructed [71]. 
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Choi and co-workers [72] employed a similar strategy for engineering the yeast 
N-glycosylation pathway. They expressed three recombinant genes involved in 
N-glycosylation: gene coding for the transporter uridine 5′-diphosphate (UDP)-
GlcNAc (from Kluyveromyces lactis); gene encoding the catalytic domain of 
mannosidase MnsIA (from mouse) present downstream of the N-terminus of 
Sec12 (from S. cerevisiae) (localization sequence of ER protein); and GnTI, a 
human GlcNAc transferase, fused with the Mnn9 (leader sequence of Golgi protein 
from S. cerevisiae) in the Och1 deletion strain [72]. Furthermore, for the major 
production of GlcNAc2Man3GlcNAc2 N-glycans, Mannosidase II (ManII) from 
Drosophila melanogaster and GnTII (GlcNAc transferase from rat) genes fused 
with Mnn2 localization signal of Golgi protein (from S. cerevisiae) were 
overexpressed [73]. 

Jacobs and co-workers in 2009 engineered the P. pastoris strain to produce 
Gal2GlcNAc2Man3GlcNAc2 N-glycans by transforming the wild-type strain with 
the GlycoSwitch vectors encoding mannosidases ManI and ManII, GlcNAc trans-
ferase GnTI and GnTII and transporter GalT [74]. The O-glycosylation in yeast also 
differs from the mammalian counterpart. O-Glycans contain the α-1,2-linked man-
nose with possible phosphorylated mannose or β-1,2-linked mannose at the outer 
ends. Further, Pichia was engineered by integrating the mannosidase gene from 
Trichoderma reesei in the host genome along with the deletion of 
α-1,2-phosphomannosylation and β-1,2-mannosylation genes resulting in the addi-
tion of single mannose O-glycans [75, 76].
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18.3.4 Engineering of Secretion Pathway 

The α-mating factor from S. cerevisiae is the most commonly employed secretion 
signal for the extracellular secretion of target proteins. In recent years, several novel 
signal peptide sequences have been recognized. By analysing the genome and 
secretome of Pichia pastoris, various endogenous signal peptides and factors 
involved in protein folding were screened. Using this methodology, Gas1, Msb2, 
Fre2 and Dan4 were recognized as the novel signal sequence and Pdi2p, Sil1p and 
Mpd1 as the folding factors. These putative signal peptides and folding factors were 
characterized using three different reporter genes (eGFP, β-galactosidase and cepha-
losporin C acylase). The Msb2 signal peptide improved the production of all the 
tested genes by 1.5–8.0-fold. Dan4 enhanced the expression of all the three proteins 
by 172-fold compared to the α-mating factor. The expression of putative folding 
factors improved cephalosporin C acylase (SECA) expression level where Mpd1 
showed maximum effect with 3.1-fold enhancement in SECA extracellular produc-
tion [77]. Moreover, the genes involved in the cell wall synthesis, such as CWP1, 
have been disrupted to improve the extracellular secretion of recombinant proteins. 
The Och1 knock-out strain carrying a deletion of CWP1 resulted in an engineered 
Pichia strain with a high ability to secrete heterologous proteins [78]. 

In another strategy, the secretory protein of Komagatella phaffii extracellular 
protein X 1 (EPX1) and its truncated variants were tested as an alternative to the 
S. cerevisiae α-mating factor. EPX1 resulted in a high amount of secretory protein 
expression with authentic N-terminus, thereby decreasing the dependency on the 
overexpression of KEX2 and STE13 proteases, which are required for native 
N-terminus generation [62, 79, 80]. 

18.3.5 Engineering of Terminators 

The role of the terminator sequence is crucial for mRNA stability and plays a pivotal 
role in transcription termination. However, the role of terminators has largely been 
overlooked, with very few studies covering their relevance in optimizing protein 
expression. The characterization of terminator sequences (approximately 72 bp) 
from P. pastoris and S. cerevisiae and synthetic terminator sequences allowed the 
fine-tuning of gene expression with an improvement in expression levels up to 
17-fold [65]. Additionally, insertion of the NotI restriction enzyme sequence in the 
AOX1 terminator resulted in a 37% enhancement in the expression of eGFP [81, 82]. 

The size of the P. pastoris terminator sequences ranges 174–507 bp, which can be 
replaced by the synthetic sequence of 35–75 bp or with the terminators from 
S. cerevisiae. Researchers used the terminator sequence of various ribosomal 
proteins, which are strongly expressed in Pichia. The results showed that these 
alternative terminator sequences from Pichia had a similar effect on target gene 
expression, whereas sequences from S. cerevisiae showed slight improvement by a 
maximum of 50% [76, 83].
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18.3.6 Metabolic Engineering of Pichia 

The heterologous production of recombinant proteins often lowers the host’s cellular 
health, indicating the detrimental effect of foreign gene expression. The division of 
cellular energy to produce recombinant protein and biomass is not the only explana-
tion for decreased cellular growth. In yeast, this could be attributed to additional 
bottlenecks such as low copy number of genes and weak promoter activity, resulting 
in limited transcription efficiency, protein folding, secretion and proteolytic degra-
dation. Furthermore, the metabolic limitations also affect the production level of 
recombinant proteins. 

Various mathematical and computational methods have been devised for moni-
toring and predicting the effect of recombinant gene expression on the host. The ease 
in access to the Pichia genome sequence has led to the development of genome-scale 
metabolic models (GEM). Using this model system, the interplay between biomass 
generation and energy demand upon recombinant protein production can be easily 
investigated. GEM has been employed to predict the mutations in the metabolic 
pathway of Pichia, which can lead to the hyper-production of target genes. Nocon 
et al. used a similar approach where manipulations were done in the central meta-
bolic fluxes to overexpress the human superoxide dismutase (hSOD). MOMA 
(minimization of metabolic adjustment) and FSEOF (flux scanning based on 
enforced objective function) models were used to predict the possible beneficial 
targets for gene knock-out and identification of overexpression targets, respectively. 
The targets for overexpression of specific genes were found in the pentose phosphate 
pathway and tricarboxylic acid (TCA) cycle, whereas the branch points in the 
glycolysis pathway were found to be effective targets for gene knock-out. By 
employing metabolic modelling, five targets were found to enhance the intracellular 
production of hSOD. Additionally, the observation of flux analysis after the 
overexpression of hSOD was found to support the prediction data. Thus, the high 
expression of target genes could be achieved with high accuracy using the metabolic 
modelling tools [84]. 

Adaptive laboratory evolution (ALE) is an efficient tool for genetic engineering 
of Pichia. The ALE tool is highly efficient for engineering the genome, especially 
when the desired phenotype is complex and not well defined genetically. The 
evolution process by adaptation to a specific environment and reverse engineering 
has been employed to improve the production level and stress tolerance in many 
yeast strains [85]. In Pichia, the ALE methodology was used to screen for variants 
with enhanced growth in methanol coupled with increased protein expression 
[86]. Additionally, high-throughput methods for cloning have been adapted for the 
rapid engineering of pathways and single expression cassettes. For the Pichia 
system, Golden Gate assembly (GGA), Gibson assembly and restriction site-free 
cloning (RSFC) strategies were designed [76]. Further, the GGA cloning method has 
been used for the concomitant gene expression of eight genes using a single vector 
[83]. The GoldenPiCS kit was designed, allowing the metabolic engineering in 
different hosts employing the equivalent cloning platform [87]. Gibson assembly 
was also used for metabolic pathway engineering to characterize 49 promoters and



20 terminators [82]. All these studies have highlighted preventing the use of repeti-
tive sequences while designing vector and pathway engineering [76]. 
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18.3.7 Construction of Methanol-Free AOX1 Promoter System 

A methanol-based induction system is the most popular approach for directing the 
heterologous protein production under the AOX1 promoter. However, the highly 
volatile nature of methanol, its toxicity and the problem associated with methanol 
feeding during high cell density cultivation (high oxygen demands and heat genera-
tion) demand the development of alternative routes for AOX1 induction. 
Researchers have developed several engineering strategies to construct a 
methanol-independent AOX1 system. Wang and co-workers identified the 
trans-acting regulatory elements of the AOX1 promoter and used a combinatorial 
mutagenesis approach to develop a methanol-free AOX1-inducible system. Three 
transcription factors (Mig1, Mig2 and Nrg1) were recognized as the transcription 
repressor of the AOX1 promoter. The double mutants (-mig1, -mig2) and triple 
mutant (-mig1, -mig2, -nrg1) were generated. These mutants were grown in the 
presence of glucose and glycerol to study the de-repression of AOX1 in the absence 
of these repressor molecules. All the mutant strains showed complete repression of 
AOX1 in 1% glucose or in 1% glucose + 0.5% methanol, indicating that other 
regulatory molecules strictly regulate the glucose-mediated repression of AOX1. 
However, higher activity of AOX1 was reported in the presence of 1% glycerol in 
the case of double and triple mutants. Further, the combination of 1% glycerol and 
0.5% methanol resulted in significant induction of the AOX1 promoter. These 
results showed that deletion of Mig1, Mig2 and Nrg1 could lead to de-repression 
of AOX1 by glycerol with a tight suppression of AOX1 activity even in low glucose 
concentration. Additionally, overexpression of Mit1 activator protein under the 
constitutive GAP promoter in double and triple mutant strains further improved 
the AOX1 activity in the presence of glycerol or glycerol + methanol. Expression of 
GFP under the control of AOX1 in the triple mutant strain overexpressing the Mit1 
activator showed 77% expression levels compared to the methanol-inducible WT 
(wild-type) strain. Thus, researchers designed a glucose–glycerol shift induction 
system based on these results. In the batch phase, a glucose concentration of 40 g/ 
L was used, while in the fed-batch phase, the glucose-based repression of the AOX1 
promoter was maintained using 20 g/L glucose. After the complete utilization of 
glucose, the AOX1 was induced using a methanol-independent glycerol-based 
feeding system. A 2.46 g/L production of insulin precursor was achieved with a 
substantial decrease in heat production and oxygen demands [88]. 

The role of kinases that regulates the activity of AOX1 could be other potential 
targets for the generation of methanol-free inducible system. Using deletion mutants 
and colourimetric screening assays, two kinases GUT1 (a glycerol kinase) and DAK 
(a dihydroxyacetone (DHA) kinase) were recognized as potential targets to modulate 
the AOX1 repression–de-repression mechanism. Two different strains were devel-
oped, one carrying the deletion in gut1 and expressing the Hansenula polymorpha



glycerol dehydrogenase enzyme (Δgut1-HpGCY1), and another was having a dele-
tion in the dak encoding gene with DHA as the inducible carbon source (Δdak-
DHA). In both these strains, the AOX1 was induced by the non-methanol-based 
carbon sources (glycerol and DHA). By expressing three different reporter genes in 
both of these strains, the Δdak-DHA strain was more efficient in terms of AOX1 
activity. The DHA-induced AOX1 promoter exhibited higher activity than the 
constitutive GAP promoter, with 50–60% activity than the AOX1 promoter [89]. 
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Recently, a methanol-free promoter system was introduced in the Pichia. The 
H. polymorpha methanol oxidase gene promoter region (pMOX) (533 bp upstream 
of the MOX gene) was isolated and replaced with the AOX1 promoter region 
(pAOX1) in the pPINK-HC plasmid, followed by the transformation in Pichia. 
The CMC3 (endoglucanase 3) and EgII (endoglucanase 2) were used as reporter 
genes to access the activity of pMOX-carrying strain. The pMOX activity was found 
to be wholly repressed in the presence of xylose and sorbitol, while complete 
de-repression was obtained in the presence of glucose, glycerol and methanol. The 
expression profile analysis in protease-deficient strain of Pichia showed significant 
improvement in the production levels of CMC3 and EgII [90]. Further, it was found 
that the clones harbouring multi-copy genes of the CMC3 and EgII showed higher 
secretory expression. Thus, the methanol-free pMOX and the protease-deficient 
strain carrying multiple copies of the target gene could direct the higher expression 
levels and, hence, be used as an alternative to the pAOX1 methanol-dependent 
system [90]. 

Another strategy used the constitutive lipase-producing Pichia strain to express 
two reporter genes (amylase and γ-GGT) where the AOX1 promoter was induced 
using methyloleate as an inducer. The host was engineered to constitutively express 
the lipase enzyme under the control of the GAP promoter. After adding methyoleate 
as an inducer, the lipase secreted in the medium converted the methyloleate into 
methanol and oleic acid. The methanol produced in the medium further resulted in 
the induction of AOX1 promoter, while oleic acid was used as the carbon source for 
biomass production. Thus, a successful Lip + Pichia system was developed, which 
can be induced independently of the methanol [91]. 

18.3.8 Pichia Cell Surface Display 

The microbial cell surface display strategy involves the expression of foreign 
proteins on the surface of a cell by developing a fusion of the foreign protein with 
a cell wall protein. The fusion protein on the cell surface retains its spatial structure 
and biological efficacy. The cell surface display approach involves three different 
components: host cells, carrier protein and passenger protein. The host cell expresses 
the fusion protein over its cell surface. The carrier proteins comprise outer membrane 
and cell surface proteins responsible for targeting the desirable protein towards the 
cell’s surface via their signal peptides. The foreign proteins are the passenger that 
needs to be displayed on the cell surface. The construction of these whole-cell 
biocatalysts is more beneficial than free enzyme preparation. In cases where



multi-step reactions occur, the surface-displayed enzymes improve the reaction 
efficacy by bringing the co-factors and enzymes in close association. Moreover, 
the cell surface eliminates the additional steps of protein expression, harvesting and 
purification, thereby simplifying the protein synthesis process and making it less 
expensive. Furthermore, the whole-cell catalysts can be reused, making the process 
more economically viable. Cells of different microbial origins, including bacteria, 
yeast and phage, have been used as a host for cell surface display and also implicated 
in numerous applications such as peptide engineering, vaccines and environmental 
and medical purposes [92]. 
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Among the yeast, S. cerevisiae is the model organism for which this technology 
was developed. After S. cerevisiae, P. pastoris is the preferable yeast that has been 
employed to create a display host. The development of P. pastoris cell surface 
display technique employs a variety of cell wall proteins such as α-agglutinin, 
a-agglutinin, Sed1p, Flo1p and Tip1p [93]. P. pastoris is considered a better 
alternative for protein display as it prefers an aerobic mode of respiration and can 
be used to attain high cell density. The surface expression of proteins requires an 
expression construct consisting of fusion under a strong promoter. Followed by the 
promoter, a signal peptide is cloned to target the protein to the extracellular medium. 
The fusion gene comprises a target gene genetically linked to the cell wall anchoring 
protein [94]. 

The GPI (glycosylphosphatidylinositol)-anchored proteins are essential for cell 
viability. These GPI-anchored proteins consist of a GPI attachment site, signal 
peptide and Ser/Thr-rich sequence responsible for O-linked glycosylation. The 
GPI-anchored proteins used for cell surface display are commonly isolated from 
S. cerevisiae. However, very few proteins native to P. pastoris have been isolated. 
Therefore, its genome was screened for putative cell wall anchoring GPI-modified 
proteins. The putative genes were cloned in fusion with the Candida antarctica 
lipase B (CALB) using α-factor as the secretion signal. After confirmation by whole-
cell flow cytometry, immunoblotting and digestion with β-1,3 glucanase, the CALB-
displaying strains were selected. The putative cell wall proteins native to P. pastoris 
having anchoring capacity were identified [95]. 

Cell wall proteins native to S. cerevisiae are successfully used to target proteins 
on Pichia cell surface. The S. cerevisiae Sed1p anchor protein has been used to target 
lipase of different source organisms such as Rhizopus oryzae (ROL) and Candida 
antarctica (CALB) on the Pichia cell surface. The ROL-displaying yeast cells were 
characterized, where it was observed that the surface display of the ROL enhanced 
the thermal tolerance of the enzyme. Similar results were reported in the case of 
CALB expressed on Pichia cells [96, 97]. The α-agglutinin anchor protein was used 
to construct the P. pastoris cell surface display platform, expressing Kluyveromyces 
yellow enzyme on its surface. A novel surface display system based on α-agglutinin 
was developed using EGFP (enhanced green fluorescent protein) as the model 
protein where the expression cassette also comprised Xpress epitope that provided 
sites for selective cleavage of proteins [98]. 

PIR (Protein with Internal Repeats) are covalently linked proteins that are found 
in different budding yeast. They have been reported in S. cerevisiae, which has



varying numbers of internal repetitive units. These are linked to the β-1,3 glucans via 
an alkali-labile ester linkage. Two PIR proteins native to P. pastoris (Pir1p and 
Pir2p) were identified, such that the Pir1p protein displayed a pre-pro-type structure 
at the N-terminal region of the protein. It also consisted of a putative Kex2 cleavage 
protease site. The Pir protein successfully displayed EGFP on the Pichia cell surface, 
which was further confirmed by fluorescence microscopy [38]. 
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18.4 Applications of P. pastoris Expression System 

18.4.1 Introduction 

Heterologous proteins are a multibillion doller market comprising commercially 
relevant industrial enzymes and therapeutic proteins. Pichia pastoris has emerged 
as a highly dependent expression host that can express a diverse group of proteins. In 
the health-care industry, it has been utilized to express several biopharmaceuticals. 
Its fast growth rate, as well as the absence of endotoxins, bacteriophage contamina-
tion and human pathogens, efficient protein folding, glycosylation, methylation and 
acylation constituting the post-translational modifications, makes it a useful system 
for recombinant protein expression. On the other hand, enzymes are extremely 
valuable in the food and feed industry. For animal feed, enzymes such as phytase 
and xylanase enhance the availability of essential nutrients [99, 100]. Hence, the 
following section highlights the role of P. pastoris expression system as a suitable 
platform for the production of therapeutics and commercially important enzymes. 

18.4.2 Therapeutic Protein Production in P. pastoris 

18.4.2.1 Growth Factors 
Epidermal growth factor (EGF): It is a small mitogenic protein that binds to the 
epidermal growth factor receptor (EGFR) and stimulates the growth and prolifera-
tion of different cell types such as fibroblasts, thyroid and embryonic cells. EGF is a 
therapeutic protein that helps in the treatment of several pathogenic conditions, 
thereby highlighting its potential as a major commercial agent. Khan and 
co-workers demonstrated that the human liver (hepatoma) cell line, Huh-7, can be 
used to extract the partial gene of hEGF whose sequence is 100% homologous to the 
wild-type hEGF gene. The gene was cloned into the pPICZαA vector and success-
fully expressed in P. pastoris cells. Since EGF has potential glycosylation sites, a 
high proportion of the protein was expressed in a glycosylated form. From the 
biological activity assay, both the glycosylated and non-glycosylated forms of the 
protein were found to be bioactive [101, 102]. 

Fibroblast growth factor (FGF): It is a group of secreted molecules that signal 
tyrosine kinases and intracellular non-signalling molecules that act as co-factors for 
other molecules and voltage-gated sodium channels. It plays a critical role in the 
initial steps of embryonic development and organogenesis. It is essential for



maintaining, repairing and regenerating adult tissues. It is further involved in cellular 
processes such as cell proliferation, metabolism, migration and differentiation 
[103]. The extraction of basic FGF (bFGF) from animal sources is cumbersome 
and expensive as it yields a low quantity of the product. Therefore, recombinant 
expression of bFGF was achieved by targeting its secretory expression in P. pastoris. 
The full-length cDNA of the gene obtained from RT-PCR was cloned in the 
pPICZαA vector, where approximately 150 mg/L of the 18 kDa protein was 
obtained. The ion-exchange chromatography-purified protein was tested for its 
biological activity by the NIH/3T3 cell lines. The recombinant bFGF with a purity 
of 94% stimulated the growth of tested cell lines [104]. 
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The FGF21 plays a crucial role in the protection of the heart and liver as well as in 
glucose homeostasis. Studies involving the expression of FGF21 in E. coli system 
have proven to be difficult as it yielded low quantities of soluble protein. As a result, 
Song and co-workers successfully expressed FGF21 gene in P. pastoris. The 
recombinant FGF21 was used to treat fibroblasts exogenously, resulting in the 
stimulation of cell migration and activation of JNK phosphorylation, thereby 
regulating wound repair [105]. 

Human keratinocyte growth factor (KGF): It is a mitogen of the epithelial origin 
belonging to the fibroblast growth factor (FGF) family. It is the seventh member of 
the family, also known as FGF7, which, along with its members of the FGF7 
subfamily, is expressed in the mesenchymal cells. KGF participates in numerous 
functions such as cell proliferation, anti-apoptosis, cytoprotection, migration and 
mitogenicity [106]. It is used to stimulate the healing process of wounds and tissues, 
which helps in wound healing. The low-level heterologous production of this protein 
in E. coli and its unstable nature have prompted researchers to screen alternative 
hosts. A truncated form of KGF comprising 140 amino acid residues was cloned into 
the pPICZαA vector, where its secretory expression was targeted via the α-secretion 
signal. The recombinant protein (KGF140) was successfully detected in the culture 
medium, which was further purified via heparin affinity chromatography. The 
bioactivity assays using KGF140 confirmed its proliferative activity towards the 
NIH3T3 and A549b cell lines. It enhanced the survival rate of irradiated A549 and 
MCF7 cell lines. In addition, its proliferative effects on the human breast cancer cell 
line, MCF7, was also studied [107]. 

Granulocyte colony-stimulating growth factor (G-CSF): G-CSF is a 
hematopoietic growth factor that is utilized as a therapeutic intervention for neutro-
penia and leucopenia due to chemotherapy and radiotherapy. Since it mobilizes the 
progenitor cells for transplantations, it is crucial during bone marrow transplantation 
and AIDS treatment. Although E. coli and mammalian Chinese hamster ovarian 
(CHO) cell lines are often used for its production, P. pastoris expression was 
beneficial due to its ability to produce biologically active proteins at low cost. 
Although G-CSF has been expressed in P. pastoris with the yield varying from 
2 to 250 mg/L, the majority of the product has been obtained in an aggregated form 
or requires surfactants. Maity and co-workers cloned and expressed the G-CSF gene 
under GAP and AOX1 promoter regulation in the P. pastoris SMD1168 strain. The 
expression under the GAP promoter resulted in cellular toxicity, while the AOX1



promoter yielded approximately 4 mg/L of protein. High-level production in a 5-L 
chemically defined medium resulted in a productivity of around 0.7 mg/L/h, which 
was 4-fold higher than the shake flask yields [108]. It has been observed that 
glycosylation is not a necessary PTM for the functional aspects of G-CSF. However, 
glycosylation is known to make protein more stable and resistant to proteolytic 
degradation. Thus, compared with the non-glycosylated form of G-CSF in E. coli, 
the glycosylated form in P. pastoris is preferred. Moreover, in the case of CHO cells, 
its production may be hampered by viral contamination. A protein fusion technology 
was proposed to produce therapeutic protein, where the 647 bp fragment of human 
serum albumin’s (HSA) domain III was fused with the 547 bp fragment of G-CSF. 
The secretion efficiency of the fusion protein was tested with the α-factor secretion 
signal regulated by the AOX1 promoter, where the protein concentration varied 
between 110 and 380 mg/L. The biological efficacy of the fusion protein was tested 
by treating the THP-1 cell line with the recombinant fusion protein and a positive 
control G-CSF (Filgrastim), where cell proliferation was observed in the case of 
treated cells in comparison to the untreated cells [109]. Further, enhancement in the 
production of a codon-optimized copy of G-CSF was obtained by carrying out 
mutations in the pro-region of the α-secretion signal leading to G-CSF yields of 
39.4 ± 1.4 mg/L [110]. 
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Human granulocyte-macrophage colony-stimulating factor (hGM-CSF): hGM-
CSF is a hematopoietic growth factor responsible for differentiating and proliferating 
granulocyte and macrophage in the bone marrow. It is a therapeutically relevant 
molecule used to treat cancers such as myeloid leukaemia. Since it stimulates 
granulocyte and macrophage colony proliferation, it finds applications for 
immuno-compromised patients and individuals suffering from neutropenia and 
aplastic anaemia. The heterologous expression of hGM-CSF is hampered by its 
toxic nature. The constitutive expression of this protein has been targeted in 
P. pastoris, yielding 90 mg/L of secreted protein, whereas a constitutive-inducible 
combined expression led to the secretion of 180 mg/L of the protein. The fed-batch 
cultivation on a complex feed resulted in product titers of 250 mg/L. On the other 
hand, continuous cultivation resulted in 82 mg/L of recombinant protein in a 
concentrated complex medium with a specific product formation rate of 0.5 mg/g/ 
h at 0.2 h-1 dilution rate [111–113]. 

Platelet-derived growth factors (PDGFs): These molecules participate in several 
phenomena, such as chemotactic recruitment and cell proliferation, where they serve 
as a mitogen for several kinds of cells. PDGF-AA participates in embryonic devel-
opment and postnatal migratory responses. It was successfully expressed in Pichia 
and purified using ion-exchange chromatography (20 mg/L) in glycosylated form 
with a purity percentage of 95%. Further, its biological efficacy was analysed using 
NIH/3T3 cell proliferation assay, where 0.1 ng/mL of rhPDGF-AA was sufficient to 
stimulate the cellular growth [114]. 

Vascular endothelial growth factor (VEGF): It is a mediator of tumour-induced 
angiogenesis. VEGF ligand has found clinical applications in the production of anti-
tumour drugs. There are different isoforms of VEGF in humans. VEGF165b is a 
native anti-angiogenic isoform associated with cancer, systemic sclerosis and



ischemic retinopathy. The fusion of human serum albumin (HSA) helps in improv-
ing the half-life of the protein; therefore, HSA–VEGF165b fusion protein was 
successfully expressed under the AOX1 promoter in P. pastoris to a level of 
275 mg/L. The fusion protein showed a 20-fold higher serum half-life over the 
recombinant VEGF165b in mice experimental model [115]. A similar fusion strat-
egy was effective when recombinant VEGF-A165 was genetically linked with the 
N-terminus of Trichoderma reesei Hydrophobin II (HFBII) and expressed in 
P. pastoris [116]. 
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Hepatocyte growth factor (HGF): It is also known as scatter factor and a crucial 
mitogen that helps endothelial cells, fibroblasts, epithelial cells and melanocytes to 
proliferate. It also inhibits tumour-based cell lines. A recombinant variant of HGF 
was expressed in the culture supernatant of P. pastoris to a level of around 8.0 g/L at 
a cellular biomass of 135 g (DCW)/L using 5-L fermenter [117]. 

18.4.2.2 Cytokines 
Interleukin 1β (IL-1β), a pro-inflammatory cytokine, plays a substantial role in 
various pathological and physiological responses. Recombinant expression of 
human IL-1β has been done in the P. pastoris. Li and co-workers cloned the 
cDNA encoding hIL-1β into pPICZαA vector, followed by X-33, GS115 and 
SMD1168 Pichia strains transformation. From shake flask results, the highest 
production was attained in the X-33 Pichia cells. Bioprocess optimization improved 
the product yield, where 250 mg/L of hIL-1β was produced. Using the two-phase 
aqueous extraction and chromatography for purification, the hIL-1β protein was 
obtained with 95% and 85% purity and recovery yield, respectively [118]. 

Interleukin 2 (IL-2) is a pharmacologically essential cytokine produced by 
T-lymphocytes. It possesses high therapeutic relevance with a role in renal cell 
carcinoma and melanoma therapy. Several studies report the production of recombi-
nant IL-2 in P. pastoris. The recombinant human IL-2 (hIL-2) has been effectively 
produced in P. pastoris GS115. The hIL-2 was secreted in the culture medium with 
final purity of 98% at a concentration of 0.45 mg/mL. The recombinant hIL-2 thus 
produced was biologically active in enhancing the proliferation of CTLL-2 cells and 
CD4+ /CD8+ ratio [119]. Moreover, IL-2 has been produced as a fusion protein in 
Pichia. Lei and co-workers reported the production of hIL-2 in fusion with human 
serum albumin (hIL-2-HSA). The purity of the hIL-2-HSA was found to be 95%. 
Biological activity analysis of fusion protein showed the high activity of hIL-2 in 
enhancing the proliferation of CTLL-2 cells. Additionally, the Pichia-produced 
hIL-2-HSA exhibited an improved half-life in plasma in the BALB/c mouse 
model [120]. 

Interleukin 3 (IL-3) cytokine is a pluripotent hematopoietic colony-stimulating 
factor derived from the T-cells. This cytokine is obligatory for the proliferation, 
differentiation and survival of the hematopoietic progenitor cells. It possesses high 
therapeutic potential in treating haematological malignancies, immunodeficiency 
disorders, cytopenia, bone marrow transplantation and different cancers. Thus, 
various efforts have been made for the high-level expression of the hIL-3 gene. 
Dagar et al. expressed the codon-optimized gene of hIL-3 in P. pastoris X-33 and



GS115 cells under the regulation of methanol-inducible AOX1 system and constitu-
tive GAP promoter. Optimization of the best host-vector combination resulted in 
maximum expression of hIL-3 at a level of 145 mg/L under the tightly regulated 
AOX1 promoter in GS115 host cells. To improve the volumetric product concentra-
tion of hIL-3, bioprocess studies were done in batch and fed-batch modes. The 
His-tagged hIL-3 was produced at a maximum concentration of 382 and 388 mg/L 
using batch and fed-batch cultivation strategies, respectively. Non-tagged hIL-3 
production in batch fermentation was at a level of 475 mg/L, which was 3.28 folds 
higher than shake flask results [121]. Furthermore, bioprocess optimization and 
multi-copy integration of hIL3 resulted in 2.23 g/L of hIL3 in batch 
fermentation [51]. 
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Interleukin 4 (IL-4), a pleiotropic cytokine, is produced by basophils, neutrophils, 
NK cells and T-helper 2 (Th2) cells. IL-4 activity results in several pathological and 
physiological conditions such as hypersensitivity, asthma, tumour immunology and 
bone loss. The hIL-4 has been shown to contain two potential N-glycosylation sites 
(N38 and N105). The production of hIL-4 in Pichia resulted in a 15.0 mg/L product 
yield. To study the effect of glycosylation on Pichia-produced hIL-4, two mutants 
were constructed (N38A and N105L) using site-directed mutagenesis. From the 
results, it was found that hIL-4 get glycosylated only at the N38 position. Further, 
it was found that glycosylated hIL-4 had lower activity compared to the 
non-glycosylated form [122]. 

Interleukin 5 (IL-5) is involved in the activation and differentiation of eosinophils 
and is produced by type 2 T-helper lymphocytes (Th2). Yan and co-workers reported 
the production of chicken interleukin-5 (ChIL-5) in Pichia X-33 host cells [123]. 

Interleukin 6 (IL-6), a multifunctional cytokine, also known as ‘myokine’ (pro-
duced by muscle), plays essential biological functions with an influential role in the 
central nervous system, immune system and bone marrow [124]. Further, IL-6 has 
been implicated in regulating haematopoiesis, acute-phase responses, immune 
responses, cell survival, proliferation and apoptosis. IL-6 has also been shown to 
activate Janus kinases (JAK) and effectors molecule STAT1 and STAT3 after 
interacting with the receptor [125, 126]. The heterologous expression of hIL-6 was 
carried out in Pichia pastoris. The gene coding for human hIL-6 was cloned in the 
pPICZα-A vector. Expression studies in Pichia X-33 at shake flask level resulted in 
280 mg/L of hIL-6. The hIL-6 was further recovered by PEG-8000 precipitation, 
followed by purification using anion exchanger DEAE and gel filtration (Sephadex 
G-75), resulting in a 95% pure product. The functional activity of hIL-6 was 
confirmed by MTT assay [126]. 

Interleukin 7 (IL-7) is involved in the development and survival of myeloid and 
lymphoid cells. The IL-7 has several clinical applications to treat various conditions 
such as infectious diseases, cancer immunotherapy, bone marrow and organ trans-
plantation. Thus, to target the higher production of recombinant hIL-7, its expression 
was studied in P. pastoris. Using large-scale production strategies, 55 mg/L of hIL-7 
was produced in the culture supernatant. Further, purification using SP Sepharose 
chromatography resulted in a 95% pure product with a total recovery yield of 63%



(35 mg/L). Biological activity analysis showed that 10 pg/mL of hIL-7 had similar 
bioactivity to commercially produced IL-7 [127]. 
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Interleukin 8 (IL-8), a chemokine secreted by monocytes and endothelial cells, 
functions as a mediator in angiogenesis. The production of active hIL-8 was targeted 
in Pichia to recover the hIL-8 protein in a soluble fraction. The cDNA of hIL-8 
(237 bp) was cloned in the pPICZαA vector, followed by the transformation in 
Pichia X-33 cells. Large-scale fermentation studies for hyper-production of hIL-8 
were conducted in a 5 L bioreactor, where 225 mg/L of soluble protein was secreted 
in the culture supernatant. The protein was precipitated using the ammonium 
sulphate precipitation method, followed by purification using ion-exchange chroma-
tography (CM Sepharose FF column) with a purity of 95%, yielding 30 mg/L of the 
final product. The hIL-8 displayed high biological activity to induce the migration of 
mouse neutrophil cells at 0.25 ng/mL concentration [128]. 

Interleukin 10 (IL-10) is a cytokine with anti-inflammatory properties. The 
heterologous expression of hIL-10 was done in the P. pastoris GS115 strain. It 
was reported that hIL-10 production under AOX1 promoter with prolonged metha-
nol induction at a lower cultivation temperature of 20 °C resulted in a high expres-
sion yield of hIL-10 compared to 30 °C due to lower ER stress [129]. 

Interleukin 11 (IL-11), a pleiotropic stromal-cell derived cytokine, plays an 
essential role in megakaryocytopoiesis, thereby increasing platelet production. 
IL-11 also stimulates the osteoclasts activation, resulting in inhibition of apoptosis, 
proliferation of epithelial cells and inhibiting the production of macrophage 
mediators. Additionally, IL-11 also plays a role in erythrocytopoiesis, neuronal 
development, production of acute-phase proteins and inhibition of adipocyte differ-
entiation and lipase activity. The hIL-11 is a 177 amino acid non-glycosylated 
peptide. The heterologous expression of hIL-11 was done using the PichiaPink 
expression system, resulting in its production of 0.31 g/L. The high volumetric 
concentration of the IL-11 was targeted by conducting fermentation studies, 
followed by precipitation of the protein secreted in the supernatant and recovery 
using a two-step of purification (cation-exchange chromatography and hydrophobic 
interaction chromatography) after the refolding of protein [130]. 

Interleukin 15 (IL-15) is a pleiotropic cytokine that induces the differentiation and 
proliferation of NK cells, B cells and T cells. It plays an essential role in the 
production of CD8+ T memory cells. The recombinant hIL-15 production in Pichia 
was done by cloning the hIL-15 gene in pPICZαA with a C-terminal 6× His tag and 
c-Myc tag. It was expressed at a maximum of 75 mg/L in Pichia X-33 host cells. The 
secreted protein was further purified using affinity chromatography and DEAE anion 
exchange at the second step, resulting in 95% purity of hIL-15. The Pichia-produced 
hIL-15 was found to be biologically active in increasing the cellular proliferation of 
NK cells and CTLL-2 cells [131]. The production of bovine IL-15 has also been 
reported in Pichia [132]. 

Interleukin 17 (IL-17) is produced by stimulated CD4+ T-cells. It stimulates the 
secretion of G-CSF, IL-6 and IL-8. The properties of Pichia-produced recombinant 
hIL-17 were similar to the mammalian counterpart. The hIL-17 showed the authentic 
N-terminus with similar glycosylation patterns to that of human-produced IL-17.



Using two-step chromatography techniques and cation-exchange and gel-filtration 
chromatography, a 3.5 mg of hIL-17 was produced [133]. Further, Zhou and 
co-workers also produced the glycosylated monomeric form of hIL-17, which 
could stimulate 3T3 mouse fibroblast cells to secrete IL-6 [134]. 
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Interleukin 18 (IL-18) belongs to the IL-1 cytokine family. It is involved in 
several autoimmune diseases, metabolic syndrome, psoriasis, myocardial function, 
acute kidney injury, macrophage activation syndrome and inflammatory bowel 
syndrome. The production of mature chicken IL-18 was targeted in Pichia using 
codon optimization of three codons according to Pichia codon preference [135]. 

Interleukin 21 (IL-21) is a cytokine majorly produced by CD4+ T-cells. The 
cDNA of hIL-21 was cloned in the pPICZα-A vector and expressed in the GS115 
Pichia strain. The hIL-21 was produced at a maximum level of 229.28 mg/L after 
methanol induction. In biological assays, the hIL-21 promoted human lymphocytes 
proliferation [136]. 

Interleukin 22 (IL-22), an IL-10 family member, plays an essential role in 
preventing epithelial cell damage and promoting antimicrobial defence. The thera-
peutic role of IL-22 in autoimmune diseases demands its high production. IL-22 
production has been targeted in Pichia via gene cloning in the pPICZαA vector. 
Purification of hIL-22 using SP Sepharose FF column resulted in the efficient 
recovery of protein with 90% purity with a final product yield of 100 mg/L. The 
biological activity analysis using HepG2 cells showed high activity of hIL-22 that 
was comparable to commercial products [137]. 

Interleukin 23 (IL-23) induces the CD4+ T cell differentiation and is a potential 
target for treating chronic immune-inflammatory disorders. The mice IL-23 
(mIL-23) was expressed in Pichia X-33 cells under the control of strong 
methanol-inducible AOX1 promoter. The mIL-23 was able to induce the prolifera-
tion of PBMC (peripheral blood mononuclear cells) [138]. 

Interleukin 25 (IL-25) is a member of the IL-17 family that participates in the 
induction of IL-13, IL-4 and IL-5 expression and stimulates Type 2 T-helper cell 
response in different organs. The high-quality secretory expression of hIL-25 was 
targeted in P. pastoris X-33 host. According to Pichia preferential codons, the gene 
was codon-optimized and cloned in the pPICZαA vector. Expression studies were 
conducted at bench scale fermenter level followed by protein purification using 
culture supernatant. Functional analysis of hIL-25 revealed the bioactive nature of 
the protein with its ability to induce G-CSF production after binding to its receptor 
IL-17BR in the in vitro studies. Further, the Pichia-produced hIL-25 could induce 
the apoptosis process in the HBL-100 and MDA-MB-231 breast cancer cells [139]. 

Interferons (IFNs) are the first line of defence produced by host cells against 
infectious agents and tumour progression. They possess immuno-modulating and 
anti-proliferative functions with the ability to stimulate cell growth, metabolism and 
differentiation. IFNs have been categorized into type I and type II IFNs. Type I 
includes IFN-α, -β, -κ and -ω, while type II has only one IFN-γ. IFN-α is a multigene 
family consisting of 13 different proteins [140, 141]. The following section details 
the expression status of various IFNs in the Pichia system.
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Interferon-α (IFN-α) is known to possess antiviral properties, with enormous 
potential to be used as a vaccine adjuvant. Porcine IFN-α has been implicated as a 
therapeutic agent in treating foot and mouth disease and decreasing the occurrence of 
respiratory and reproductive syndromes. High-level secretory expression of porcine 
IFN-α was achieved using a combination of secretory signal, codon-optimization, 
multi-copy gene integration and with the help of the AOX1 promoter. The codon-
optimized IFN-α protein was secreted using an engineered α-mating factor (MF4I) to 
17.0 mg/mL in six-copy Pichia integrant. Its biological activity was tested on 
Madin-Darby bovine kidney (MDBK) cells where the antiviral activity was reported 
as 2.8 ± 0.9 × 109 IU/mL [142]. Tu and colleagues reported the expression of 
biologically active codon-optimized IFN-α protein to 200 μg/mL at shake-flask with 
strong antiviral activity in different cell lines: 1 × 107 AU/mg in MDBK cells and 
1.5 × 106 AU/mg in IBRS-2 cells [143]. Further, high production of porcine IFN-α 
has been achieved using methanol/sorbitol co-feeding or by inducing the cells at a 
lower temperature [144]. 

Interferon-α1 (IFN-α1/IFN-αD), a type I IFN, has been used to treat several viral 
diseases. It has various clinical applications, such as hepatic fibrosis (caused by 
hepatitis B virus), bovine respiratory disease (in calves), and keratitis (caused by 
herpes simplex virus). Recombinant hIFN-α1 production in Pichia under the AOX1 
promoter resulted in a high product concentration of 0.7 mg/20 mL culture along 
with highly active hIFN-α1 molecules [145]. Further, the stability of recombinant 
hIFN-α1 was enhanced by constructing a fusion of human serum albumin and hIFN-
α1. The fusion protein was expressed using the HSA signal peptide and purified by 
ion-exchange chromatography (Blue Sepharose and CM Sepharose FF column) with 
95% purity. The antiviral activity of the HSA–hIFN-α1 fusion protein was estimated 
using a cytopathic effect assay at 1.63 × 105 IU/mg. In in vivo assays, an improved 
biological activity was reported with enhanced stability and retention of HSA–hIFN-
α1 [146]. Moreover, a bovine hIFN-α1 has been produced in Pichia, which 
displayed similar characteristic properties to IFN-α [147]. 

Interferon-alpha 2b (IFN-α2b) is a type I IFN, with several clinical applications 
in treating AIDS-related Kaposi’s sarcoma, melanoma, hairy cell leukaemia and 
hepatitis B and C chronic conditions. The lymphocytes secrete it as a primary 
defence upon virus infection. Thus, due to the therapeutic relevance of IFN-α2b, 
several studies have been conducted to target its higher heterologous expression. 
Ghosalkar and co-workers produced it in Pichia to a level of 200 mg/L by 
optimizing secretory signal sequences [140]. In another study, the IFN-α2b gene 
was expressed to a level of 1.5 g/L in an optimized basal salt medium. Further, the 
use of 10% DMSO in the fermentation broth resulted in the production of a correctly 
processed isoform of IFN-α2b, with a drastic reduction in the 20 kDa contaminant 
isoform of IFN-α2b [141]. Additionally, an HSA-fused IFN-α2b (HSA–IFN-α2b) 
has been produced with long-lasting serum retention and high biological activity 
[148]. Ayed and co-workers designed the fed-batch fermentation and a two-step 
purification strategy for optimal production and purification of IFN-α2b. To prevent 
the proteolytic degradation during fed-batch run, 0.1% casamino acid was included 
in the culture medium along with 10 mM EDTA, with further changing the



cultivation medium with a fresh medium after the end of the glycerol-based 
fed-batch phase. The optimization of fermentation and purification resulted in 
180 mg/L purified IFN-α2b [149]. In a recent study, a glycoengineered Pichia strain 
GlycoSwitch® SuperMan5 was used to produce glycosylated IFN-α2b with 
(Man)5(GlcNAc)2 pattern. The study used artificial intelligence-based optimization 
of culture medium for efficient production of bioactive IFN-α2b. Under the 
optimized conditions, a maximum of 436 mg/L IFN-α2b was produced in the 
bioreactor with high biological activity, as evident from the ability of IFN-α2b to 
inhibit the growth of breast cancer cells in antiproliferative assays [150]. 
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Interferon-β (IFN-β), a cytokine with therapeutic properties, displays antiviral 
and antiproliferative activity, similar to that of IFN-α. Heterologous production of 
porcine IFN-β has been reported in Pichia. The amino acid at positions 3, 7 and 
164 was codon-optimized following Pichia preference and produced at a 60 mg/mL 
concentration and showed antiviral activity of 2.5 × 105 U/mL. The recombinant 
porcine IFN-β successfully inhibited the replication of Pseudorabies virus in the 
MDBK cell line [151]. 

Interferon-β1 (IFN-β1) is an immunomodulatory, antiviral, antiproliferative mol-
ecule consisting of 166 amino acids with implications for treating several diseases. 
The expression of the human IFN-β1 gene in P. pastoris GS115 under the AOX1 
promoter resulted in secretory production of bioactive hIFN-β1 having activity of 
2–3 × 107 IU/mg in cytopathic in vitro assays [152]. 

Interferon-γ (IFN-γ), a class II cytokine, is produced by NK cells, NKT cells and 
cytotoxic T1 lymphocytes (CD4 and CD8). It is a molecule of therapeutic relevance 
with a role in several biological functions. These include increasing the lysosomal 
activity of macrophages and antigen representation, antiparasitic and antiviral activ-
ity and effects on cell proliferation and apoptosis. Further, IFN-γ has been approved 
by the FDA to treat severe malignant osteoporosis and chronic granulomatous. The 
hyper-production of hIFN-γ was achieved to a level of 200 μg/L in the GS115 Pichia 
strain. Further, by co-expression of the gene encoding for chaperon (protein 
disulphide isomerase, PDI), a 2.67-fold enhancement in hIFN-γ production was 
seen. Codon-optimization of hIFN-γ gene further improved the product titers by 
9-fold to 1.8 mg/L. Additionally, the optimization of process parameters like pH, 
temperature, inoculum size, agitation rate and methanol concentration resulted in a 
12.5-fold improvement in hIFN-γ production with a final yield of 2.5 mg/L 
[153]. Medium optimization using statistical algorithms (Plackett-Burman, 
Box-Behnken and artificial neural network-linked genetic algorithm) led to the 
optimal production of hIFN-γ at a level of 30.99 mg/L. The use of Luedeking-
Piret (L-P) model resulted in 40 mg/L production of hIFN-γ [154]. Further, meta-
bolic engineering of PPP (pentose phosphate pathway) of Pichia resulted in 
enhanced production of hIFN-γ. A 1.9-fold improvement in product concentration 
was obtained after 6-phosphogluconate dehydrogenase (GND2) overexpression. 
Whereas the overexpression and synergistic effect of D-ribulose-5-phosphate-3-
epimerase (RPE1) and 6-phosphogluconolactonase (SOL3) showed a 2.56-fold 
improvement in the hIFN-γ concentration [155].
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Interferon-γ3 (IFN-γ3), also known as IL28B, is a biotherapeutic molecule. The 
production of bovine IFN-λ3 has been demonstrated in Pichia. The protein was 
successfully secreted into the culture medium and purified using SP Sepharose 
ion-exchange chromatography. The bovine IFN-λ3 was produced as an active 
molecule as it induced the interferon-stimulated genes in bovine PBMCs [156]. 

Interferon-ω (IFN-ω) possesses potent antiviral, antiproliferative and immuno-
modulatory activities. In a recent study, the production of feline IFN-ω has been 
reported using the Pichia expression system. The codon-optimized gene was 
expressed in the Pichia GS115 strain, followed by modification using polyethylene 
glycol for in vivo and in vitro activity assays. The Pichia-produced feline IFN-ω 
showed effective antiviral activity with the ability to treat cat viral diseases [157]. 

Interferon-ω1 (IFN-ω1) is a type I interferon, which possesses antiviral, anti-
tumour and antiproliferation activity. The bovine IFN-ω1 has been produced in 
Pichia pastoris. Self-aggregation of IFN-ω1 was observed in Pichia-produced 
recombinant product. IFN-ω1 was solubilized in urea, followed by desalting and 
purification using Q Sepharose Fast Flow. The protein was recovered with 80% 
purity, with a 300 mg/L yield from the fermentation medium and a specific activity 
of 108 IU/mg. The Pichia-produced bovine IFN-ω1 exhibited high antiviral activity 
and showed antiluteolytic activity in cattle [158]. 

Tumour necrosis factor-alpha (TNF-α): TNF-α is a pleiotropic cytokine that 
participates in inflammatory reactions and anti-inflammatory processes like tissue 
repair during the clearing of infections. At low levels of expression, it contributes to 
tumour development. However, upon exposure to an inflammatory condition, 
TNF-α, along with IL-1 and chemokines, is expressed by activated macrophages 
and myeloid cells. It leads to the attraction and activation of neutrophils and 
monocytes to the site of tumour formation. Its anti-tumour effects are mediated by 
vascular and necrosis destruction [159]. Due to its importance in the clinical field, 
the human TNF-α gene was amplified from the phytohemagglutinin-stimulated 
peripheral mononuclear blood cells and expressed in Pichia pastoris. After 
Ni-NTA purification, an MTT assay was performed to check the biological activity 
of the recombinant TNF-α, where it effectively diminished the viability of HEP2 
cells [160]. 

18.4.2.3 Subunit Vaccine 
The recombinant subunit vaccines contain one of the components which elicit the 
antigenic response and an effective adjuvant. The subunit vaccine encompasses 
components produced in the microbial host system. Additionally, they have 
provided several advantages over live-attenuated or inactivated vaccines, such as 
better safety. They contain only synthetic or recombinant peptides without including 
infectious agents (viruses) in the vaccine preparation. For the construction of subunit 
vaccines, the viral antigens that induce the immune response must be known. The 
P. pastoris system has been successfully used for the large-scale production of viral 
antigens and, hence, the development of subunit vaccines [161]. The various 
proteins expressed in Pichia for vaccine development are detailed below. The 
production of viral antigens of Epstein-Barr virus (EBV) has been reported in Pichia.



EBNA1 (EBV nuclear antigen 1) is recognized as one of the potential antigens for 
vaccine development. The production of a truncated form of EBNA1 (390–641 aa) 
at a concentration of 210.53 mg/L was reported in Pichia, with the ability to induce a 
robust immune response in mice models [162]. 
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In another study, the Dengue virus (DENV) Envelope domain-III (ED III) antigen 
was successfully developed in the Pichia system with high secretory expression 
using casamino acid supplementation. The recombinant ED III elicited an immune 
response with substantial induction of neutralizing antibodies [163]. Recently, 
Shukla and co-workers demonstrated the development of multivalent virus-like 
proteins (VLPs) to treat two DENV serotypes using the Pichia expression system. 
The E ectodomains of DENV-1 and DENV-2 were co-expressed by cloning the E1 
and E2 genes in a head-to-tail manner under the AOX1 promoter. The E1 and E2 
proteins were co-expressed and purified, and then co-assembled into VLPs, 
presenting the EDIII of both E1 and E2 proteins. These bivalent VLPs displayed 
high immunogenicity, resulting in antibody production, recognizing different DENV 
serotypes. The generation of virus-neutralizing antibodies proved the efficacy of 
bivalent EDIII-specific VLPs in BALB/c mice [164]. 

The gene encoding for Neuraminidase (NA) antigen of H5N1 avian influenza 
virus was cloned in P. pastoris. The recombinant NA was produced at a concentra-
tion of 2 mg/L and showed a significant immune response in mice models 
[161, 165]. Further, the surface expression of Haemagglutinin (HA) antigen protein 
was carried out in Pichia. It was expressed as a fusion to the C-terminus of 
GPI-anchored α-agglutinin (from S. cerevisiae) cell wall protein. The surface-
displaying HA yeast showed the production of virus-neutralizing antibodies 
[166]. Additionally, the production of HA antigen of swine influenza A virus 
(H1N1) for subunit vaccine development in Pichia has been reported. The 
bioprocess optimization strategy using the Pichia fed-batch culture resulted in 
1.62 g/L of recombinant protein [167]. 

The Envelope protein (E) of the Japanese encephalitis virus (JEV) was produced 
successfully in Pichia in glycosylated form with 95% purity. The Pichia-produced E 
protein showed potential results in treating JEV infection by effectively stimulating 
the immune response [168]. Heterologous expression of Enterovirus 71 (EV71) 
(responsible for hand, foot and mouth disease) capsid protein VP1 in Pichia has 
shown to be a potential candidate for vaccine development. Expression studies 
exhibited the successful secretory production of VP1 at a level of ~500 mg/L. 
Vaccination of mice with the recombinant VP1 resulted in an effective immune 
response [161, 169, 170]. The production of virus-like particles (VLPs) of Hepatitis 
B virus surface antigen (HBsAg) was reported in P. pastoris. A 99% pure HBsAg 
VLPs was obtained, which elicited a significant cellular immune response and high 
titers of HBsAg-specific IgG. Thus, the VLPs produced in Pichia are promising 
candidates for vaccine development [171]. 

In a recent study, the receptor-binding domain protein of SARS-CoV-2 was 
expressed in Pichia. A total of 30–40 mg/L of protein was produced at the fermenter 
level. The purified protein was tested for its ability to bind the angiotensin-
converting enzyme (ACE2) receptor. The 50 μg of recombinant protein was further



formulated with alum and used in immunogenicity assays, where a high-level 
RBD-binding antibodies were detected in mice. In in vitro assays, the mouse sera 
showed inhibition of binding between the receptor-binding domain protein and the 
ACE2 receptor and neutralized virus infection in Vero E6 cells. Thus, the Pichia-
expressed receptor-binding domain protein is a suitable candidate for vaccine devel-
opment against SARS-CoV-2 [172]. 
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The yeast cell surface display technology was employed for the surface expres-
sion of ZIKV proteins for vaccine development. Cell wall components of yeast are 
known to have immunostimulatory properties. The expression cassette was designed 
to favour the anchoring of the Envelope and NS1 protein epitopes. The EnvNS1 
epitopes successfully induced the activation of immunological cells, increasing 
cytokine levels (TNF-α, IL-6 and IL-10) and enhancing lymphocyte numbers 
(CD4+, CD8+ and CD16+). The effective immune response generated by the 
epitopes suggests active vaccine development against ZIKV [173]. 

Human papillomavirus (HPV) is the causal agent of the most commonly preva-
lent sexually transmitted cervical cancer. The commercially available HPV vaccine 
is expensive to develop, and hence alternatives are needed to produce cost-effective 
HPV vaccines. The HPV16L1 and HPV18L1 were individually cloned in the pPICZ 
vector, followed by the transformation in Pichia KM71 host cells. The purified HPV 
proteins were formulated with aluminium phosphate as an adjuvant with final 
HPV16L1 and HPV18L1 concentrations of ~40 and ~ 20 μg/mL, respectively. 
The Pichia-produced HPV vaccines (both HPV16L1 and HPV18L1) were able to 
induce the production of HPV-specific neutralizing antibodies [174]. 

Hand, foot and mouth disease (HFMD) is caused by Coxsackievirus A16 (CA16) 
and affects millions of children in the Asia-Pacific region. Zhang and co-workers 
proposed the development of VLPs of CA16 in P. pastoris. The P1 and 3CD 
proteins of CA16 were co-expressed in Pichia and found to assemble into virus-
like particles in high titers. Further, CA16-VLPs induced high antibody production 
with neutralization effects on CA16. Thus, the CA16-VLPs produced in Pichia are 
potential candidates for vaccine manufacturing against CA16 on an industrial 
scale [175]. 

18.4.2.4 Other Therapeutics 
Erythropoietin (EPO): EPO is a glycoprotein that possesses pleiotropic functions. It 
is responsible for regulating the production of red blood cells. Produced by the 
kidney cells in adults, it plays several functions, including erythroid progenitor cell 
differentiation, cellular proliferation and inhibition of apoptosis. The deficiency of 
this hormone results in anaemia, so the FDA has approved its use in anaemic patients 
who have cancer, kidney failure and chronic inflammatory conditions. Its production 
has been targeted in CHO cells; however, the efficacy and expenses associated with 
the mammalian system have resulted in the exploration of alternative hosts. 
P. pastoris has been successfully used for EPO production, where the cDNA was 
fused with the target site of factor Xa protease. The characterization of glycosylation 
pattern revealed that all the N-linked sites were glycosylated by the 
Man17(GlcNAc)2 residues. Strategies to improve the half-life of the protein were



developed by carrying out PEGylation. Glycoengineered P. pastoris cells produced 
recombinant EPO with terminal sialic acid residues and bi-antennary N-glycans 
structure. The modified glycosylation pattern of recombinant EPO demonstrated 
better in vitro efficacy over the commercial product [176, 177]. 
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Thrombopoietin (TPO): TPO is a potent cytokine that helps megakaryocytes to 
differentiate and proliferate. It also participates in platelet production. TPO acts 
synergistically with other hematopoietic molecules. Since IL-6 has the potential to 
expand hematopoietic stem and progenitor cells, it is expected that IL-6 can work 
synergistically with TPO for megakaryopoiesis and thrombopoiesis. Hence, a study 
was carried out to produce IL-6-linker-TPO fusion protein (ZH646) in P. pastoris. 
With a yield of 30 mg/L, the purified fusion protein showed biological activity by 
exhibiting thrombopoietic effect in mice to increase the platelet counts [178]. A TPO 
mimetic peptide (TMP) has been recognized that binds and causes the activation of 
c-Mpl, whose natural ligand is TPO. Since it showed similar biological efficacy to 
TPO, TMP was used to produce a recombinant analog of TPO. HSA was fused with 
a tandem repeat of TMP (TMP-TMP-HSA and HSA-TMP-TMP) and transformed 
into PichiaPink cells. The HSA-TMP-TMP peptide was successfully expressed with 
a yield of 0.4 g/L in a 20-L fermenter which, when administered subcutaneously to 
the healthy mice, prompted platelet production [179]. 

Adiponectin: It is an adipokine secreted by adipocytes involved in lipid and 
glucose metabolism. It comprises an N- and C-terminal region consisting of a 
collagen-like sequence and globular domain, respectively. A decline in the blood 
plasma levels of adiponectin is observed in patients suffering from obesity, which 
marks an onset of diabetes mellitus. Hence, as a clinical application, adiponectin 
treatment can help reduce body weight and improve insulin resistance. The globular 
domain of adiponectin has been expressed in P. pastoris, where the production of 
1.2 g of protein was detected in the culture supernatant. Further, its biological 
activity was investigated by recording the clearance of free fatty acids (FFAs) in 
mice from its plasma containing a high concentration of FFAs. The clearance was 
comparably faster than the control mice [180]. 

Human serum albumin (HSA): HSA is the major protein in plasma that carries 
several components such as metabolites, hormones and steroids in blood. It finds 
applications in drug delivery systems and vaccine production. Its recombinant 
expression in P. pastoris is advantageous because it overcomes the disadvantages 
of extraction based on collected human plasma. High-level expression in P. pastoris 
has resulted in 17.47 g/L of HSA. Cultivation at the fermenter level has resulted in 
productivity of 300 mg/L per day with reduced proteolysis. Since recombinant HSA 
is susceptible to impurities, a two-step purification strategy has been attempted to 
obtain a purified product. The first step involved partially unfolding the recombinant 
HSA to release the impurities, followed by crystallization [181–183]. 

Streptokinase (SK) is a thrombolytic agent that helps in the removal of blood 
clots. Obstruction in the blood flow leads to several disorders such as pulmonary 
embolism, deep-vein thrombosis and ischemic stroke. Streptokinase is considered as 
a vital agent that is considerably cost-effective and has a better half-life than other 
compounds like urokinase and tissue plasminogen activator. Since the heterologous



expression of streptokinase in E. coli leads to plasmid instability and cell toxicity, 
P. pastoris was explored as an alternate host. Adivitiya and co-workers expressed a 
6× His-tagged and non-tagged rSK in Pichia, which led to 538 and 582 mg/L of 
protein production, respectively, at the shake-flask level. The bioreactor studies 
further improved it to 4.25 g/L, with a volumetric productivity of 57.43 mg/L/ 
h [184]. The secretion efficiency of the PIR1 (protein with internal repeats) signal 
sequence was tested by targeting the secretion of rSK under the PIR1 signal 
sequence. The cell-retention strategy enhanced the product concentration to 
3049.53 mg/L even at the shake flask level [37]. 
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18.4.3 Enzyme Production in P. pastoris 

18.4.3.1 Cellulase 
Cellulases and hemicellulases are accountable for 20% of the industrial market at the 
global level. They hold applications in the food, feed, brewery and wine industries. 
Apart from these sectors, they are also in demand in the pulp and paper industry, in 
detergents, additives and also in pharmaceutical production. One of the major 
industrial segments requiring a high amount of cellulases is the lignocellulosic-
based bioethanol industry. The enormous pressure on the depleting fossil fuels has 
resulted in this sector’s growth that will help to generate cellulosic ethanol from 
plant-based resources. Cellulose is a complex polymer (crystalline/amorphous) 
comprising repeating residues of β-D-glucopyranose linked together by β-1,4 
linkages. The dissolution of cellulose is an intricate process that requires the action 
of three cellulases: endoglucanase, which breaks down cellulose to release cello-
oligosaccharides and glucose molecules, and cellobiohydrolase, which acts on the 
crystalline form of cellulose from its reducing and non-reducing ends to release 
cello-oligosaccharides and cellobiose. The third enzyme, β-glucosidase, further acts 
on cello-oligosaccharides and cellobiose to release glucose units [185]. 

Several reports show that cellulases of different source organisms have been 
successfully expressed using the P. pastoris system. Many are constitutively 
expressed under the GAP promoter. Endoglucanases of two different fungal origin, 
Aspergillus fumigatus (AfCel12A) and Thermoascus aurantiacus (TaCel5A), were 
expressed in P. pastoris, using the PichiaPink™ expression system. The AfCel12A 
production under the GAP promoter was similar or higher than the AOX1 promoter 
[186]. In combination with Trichoderma reesei hydrophobin HFBII signal peptide, 
the GAP promoter successfully secreted mollusk Ampullaria crossean 
endoglucanase. Using the SMD1163 strain of P. pastoris, EG27I endoglucanase 
was secreted at a concentration of 47.7 mg/L at the bioreactor level with a specific 
activity of 26.8 U/mg [187]. D2-BGL is a β-glucosidase isolated from the fungus, 
Chaetomella raphigera, that showed enhanced substrate affinity when expressed in 
P. pastoris. Hence, attempts were made to further improve the catalytic efficiency of 
this enzyme via a random mutagenesis strategy. Initially, the wild-type enzyme was 
expressed in the recombinant hosts, S. cerevisiae and P. pastoris. The recombinant 
enzyme produced from S. cerevisiae was hyper-mannosylated and displayed lower



specific activity at 10 mM cellobiose (144.6 ± 20.2 U/mg) as compared to 
P. pastoris-expressed enzyme under the GAP promoter (214.3 ± 25.0 U/mg). 
Therefore, S. cerevisiae was used to prepare the mutant library for the enzyme 
D2-BGL, from which the mutant Mut M harbouring beneficial mutations were 
chosen. It was expressed in P. pastoris that exhibited higher Vmax, enhanced 
expression (2.7-fold) and better substrate inhibition tolerance than the wild-type 
enzyme [188]. 
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Thermostable cellulases are important in lignocellulosic biotechnology as they 
can be simultaneously employed with the saccharification process. They confer 
several advantages such as fast substrate hydrolysis and reduced risk of contamina-
tion. A thermostable cellulase was isolated from the lignocellulosic-degrading 
fungus, Thermoascus aurantiacus, RCKK and cloned in the pPICZαA vector. The 
overexpression studies revealed that the recombinant endoglucanase possessed high 
thermostability and retained 50% of its activity even when the enzyme was 
incubated at a temperature of 70 and 80 °C for 10 and 6 h, respectively [189]. β-Glu-
cosidase can be used for transglycosylation reaction to synthesize sophorose from 
glucose. Sophorose is a potent inducer for the expression of cellulase genes that help 
overcome the drawbacks posed by the conventional inducer molecules such as 
Avicel and solka floc. Therefore, a β-glucosidase gene (bgl) was isolated from 
Aspergillus niger ZU07 and expressed in P. pastoris under the AOX1 promoter. 
This resulted in the secretion of 129 IU/mL of the protein that successfully catalysed 
transglycosylation reaction, producing glucose–sophorose mixture (GSM) [190]. 

An innovative indirect yeast cell surface display technique was designed based on 
P. pastoris, where cells were engineered to display minicellulosomes on their 
surface. The strategy involved the participation of an ultra-high-affinity IM7/CL7 
protein pair. The S. cerevisiae cell wall protein, SED1 was fused with the IM7 
scaffoldins, and as a result, the fusion was displayed on the cell surface. Then, 
cellulases from different microbial origins (Yarrowia lipolytica cellobiohydrolase, 
Clostridium thermocellum DSM1237 endoglucanase, β-glucosidase 
Thermoanaerobacterium thermosaccharolyticum DSM 571 and Thermobifda 
fusca carbohydrate-binding module) were fused with CL7 protein and expressed 
in the heterologous host E. coli. The enzymes were purified and incubated with the 
engineered variants of P. pastoris displaying IM7 protein, leading to the in vitro 
assemblage of microcellulosomes over the cell surface. The engineered cells 
demonstrated the ability to utilize Avicel, phosphoric acid-swollen cellulose 
(PASC) and carboxymethyl cellulose (CMC), leading to the production of 2.5, 1.2 
and 5.1 g/L of ethanol [191]. 

18.4.3.2 Xylanases 
Xylanases are industrially relevant enzymes with applications in food and feed 
additives, paper-bleaching and biofuel production. Two major xylanases/ 
hemicellulases required for xylan hydrolysis include endo-1,4-xylanases and 
β-xylosidases enzymes. The yeast system is suitable for xylanase production, as 
glycosylated enzymes exhibited better thermostability and resistance to harsh 
conditions. Kiribayeva and co-workers reported the Bacillus sonorensis T6 xylanase



production in Pichia. The glycosylated xylanase expressed in Pichia resulted in 40% 
higher thermostability than its counterpart from E. coli. The enzyme displayed 
activity in a wide range of pH with 100% activity at pH 3–11 after 10 h of incubation 
and 68% activity at pH 2.0 (after 1 h incubation). Under optimal conditions, Pichia-
produced xylanase activity was recorded as 873.8 U/mg. Thus, recombinant 
xylanase’s high thermal and pH stability makes it a useful enzyme in the feed 
industry [192]. Furthermore, Xia and co-workers designed a dual-plasmid system 
for the constitutive expression of Streptomyces sp. FA1 xylanase (XynA). They 
utilized two promoters: a GAP promoter and another having recently discovered 
constitutive GCW14 (cell wall protein) promoter. Among the different combinations 
tested, the combination containing the integrated GAP promoter and encompassing 
GCW14 episomally showed the highest production of xylanase. Hence, XynA 
expression using the constitutive dual plasmid methanol-free system reached the 
value of 13.6 g/L using the Pichia host [193]. 
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Two novel xylanases, namely XYN10A_MALCI and XYN11A_MALCI, from 
thermostable Malbranchea cinnamomea were expressed in P. pastoris. The 
XYN11A_MALCI was expressed at a higher level of 573.32 U/mL with thermal 
stability at 70 °C and displayed active catalytic nature against the xylans. Further, the 
XYN11A_MALCI and XYN10A_MALCI were evaluated with commercial enzyme 
cellulase Cellic CTec2 to hydrolyse the pre-treated rice straw and bagasse. The 
synergistic effect of both the xylanases and the commercial cellulase was recognized 
as an effective strategy for hydrolysis of acid/alkali-treated lignocellulose biomass 
[194]. Recently, the gene coding for GH11 xylanase (from Bacillus pumilus SSP-34) 
was codon-optimized and expressed in the Pichia under the methanol-inducible 
AOX1 promoter. The GH11 xylanase characterization showed a high molecular 
weight due to glycosylation with improved stability over the native enzyme. The 
recombinant xylanase produced after submerged fermentation had 6000 U/mL 
activity after 120 h of cultivation. Thus, the recombinant GH11 xylanase holds the 
potential to be used in industrial-scale applications [195]. 

A double-plasmid co-expression method was developed to achieve high titers of 
endo-xylanase (XynC) GH10 from Aspergillus niger. The P. pastoris GS115 strain 
was transformed with one plasmid, resulting in its integration followed by the 
transformation and integration of another plasmid at a different locus, resulting in 
a 33% improvement in the yield of recombinant endo-xylanase. The bioprocess 
optimization resulted in 1650 U/mL of GH10 XynC, exhibiting maximum activity at 
55 °C, pH 5.0. The recombinant enzyme showed stability in the pH range of 4.5–7.0, 
which was similar to the commercial cellulases, indicating the application of GH10 
XynC from A. niger in industrial applications [196]. 

Karaoglan and co-workers compared the strengths of different promoters PAOX1, 
PGAP and PADH3 to produce Aspergillus niger xylanase (XylB). Fermentation studies 
revealed the highest production of XylB under the control of ethanol-inducible 
PADH3 at a level of 3725 U/mL compared to AOX1 (2095 U/mL) and GAP 
(580 U/mL). Thus, PADH3 is a potential alternative for the high-level recombinant 
protein production in Pichia [25]. Further, the fermentation process was optimized to 
improve the production of industrially relevant thermoalkaliphilic xylanases.



Optimal glycerol feeding and four-step methanol feeding with a stepwise increase in 
feed rate improved product yields at the fermenter level. The xylanase was produced 
with a maximum activity of 591.2 U/mL and exhibited temperature stability in a 
range of 60–80 °C and pH of 8.0–11.0 [197]. 
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18.4.3.3 Amylase 
Amylase is a commercially important enzyme that degrades starch to release sugar 
molecules. Alpha-amylase (α-1,4-D-glucan glucanohydrolase and endoamylase) 
catalyses the cleavage of α-1,4-glycosidic bonds present within the long chains of 
starch to release sugars including glucose, maltose and dextrin. Starch hydrolytic 
enzymes have a substantial economic significance on several industries, including 
food, textile and pharmaceutics. Several microbes produce this enzyme, but major 
bottlenecks are low yields and high production costs. A thermostable α-amylase 
from the thermophilic bacteria Geobacillus stearothermophilus SR74 was expressed 
in P. pastoris GS115 to a level of 28.6 U/mL. The purified product showed a specific 
activity of 151.8 U/mg [198]. A maltohexaose-producing α-amylase AmyM native 
to Corallococcus sp. was expressed in P. pastoris GS115 under the regulation of 
FLD1 promoter with a maximum production of 220 mg/L in a 50-L bioreactor [199]. 

Similarly, amylases from different fungi, such as Rhizomucor miehei and Asper-
gillus oryzae, were cloned and expressed in P. pastoris. Recombinant α-amylase 
(29,794.2 U/mL) produced in Pichia showed a broad specificity towards different 
substrates, including amylose, amylopectin, pullulan and cyclodextrins. On the other 
hand, the heterologous expression of A. oryzae S2 endogenous amylase AmyA 
resulted in the secretion levels of up to 72 U/mL. Due to N-glycosylation, the 
recombinant enzyme produced in Pichia displayed better thermostability properties 
than the native enzyme. The crude extract had a specific activity of 386.6 U/mg, 
which was high compared to other reported α-amylases from strains of Bacillus and 
Aspergillus [200, 201]. 

The methanol-inducible expression of the codon-optimized Bacillus 
licheniformis α-amylase gene in 5- and 50-L fermenters led to the enzyme activity 
of 8100 and 11,000 U/mL, respectively [202]. In some instances, it has been 
observed that an increase in the copy number of the gene can help in enhancing 
the protein expression levels. Therefore, a strategy based on producing multiple 
transformations and post-transformational vector amplification was undertaken suc-
cessfully in P. pastoris to generate a recombinant clone containing eight copies of a 
chimeric amylase. The chimeric amylase consisted of the catalytic domain of 
Bacillus acidicola amylase and N- and C-terminus residues of Geobacillus 
thermoleovorans amylase. The recombinant product possessed the ability to act on 
raw starches releasing maltose and malto-oligosaccharides [203]. The antibiotic 
resistance genes are a potential hazard to the environment, affecting agriculture 
and animal husbandry. An α-amylase gene isolated from B. licheniformis possessing 
six glycosylation sites was cloned and expressed in P. pastoris without any antibiotic 
resistance gene. The recombinant yeast was cultivated in flasks that yielded 900 U/ 
mL of the glycosylated product [204]. Huang and co-workers studied the effects of 
HAC1p protein, a UPR (unfolded protein response) activator, on a Geobacillus sp. 4j



α-amylase expressed in P. pastoris. A 12-copy integrant of the α-amylase gene 
resulted in the enzymatic activity of 305 U/mL. However, when the HAC1p protein 
was co-expressed along with α-amylase, the secretion levels of the protein increased 
with an increase in the gene copy number of HAC1p. The co-expression of six 
copies of HAC1p regulated by the AOX1 promoter with α-amylase resulted in its 
enhanced activity of 2200 U/mL. Further, constitutive expression of the HAC1p 
protein with 17 copies improved the enzymatic activity to 3700 U/mL [205]. 
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18.4.3.4 Lipases 
Lipases are triacylglycerol hydrolases with the ability to hydrolyse fats and lipids. 
Lipases have a wide range of applications in industrial and biotechnological sectors 
such as in the feed additive industry, food processing, fine chemicals, detergents and 
biodiesel production. Therefore, a myriad of data is available on the high-level 
production of Lipases using Pichia as a host system. The thermo-active and alkaline 
Lipase from Thermomyces dupontii (TDL) was expressed in Pichia, under 
methanol-inducible and constitutive promoters. Among the different methanol-
inducible promoters, the formaldehyde dehydrogenase promoter (PFLD1) supported 
the highest expression of Lipase with 27,076 U/mL activity in a 5-L fermenter 
culture, while the glucose/glycerol-inducible constitutive glycosyl phosphatidyl 
inositol-anchored protein promoter (PGCW14) resulted in maximum lipase expression 
at 17,535 U/mL. Thus, an alternative promoter system was documented that can 
direct the high production of industrially relevant TDL in Pichia [206]. 

A recent report carried out the cell surface expression of Rhizomucor miehei 
lipase (RML) on yeast cells using a PIR-1 anchor system. The optimal temperature 
of RML-PIR1 activity was 45 °C. The whole-cell biocatalyst was employed in the 
esterification reaction using soybean fatty acid distillate (SFAD, a by-product of 
soyabean oil) and palm fatty acid distillate (PFAD, a by-product of palm oil) as 
substrates for ester production to synthesize biodiesel. The highest conversion rate 
(79.1%) was observed with SFAD, with only 10% biocatalyst in the solvent-free 
medium. These conversion rate values were found to be 8 times higher than the 
commercially available RML. Further, the use of glutaraldehyde imparted high 
stability to the whole-cell biocatalyst, where the RML-PIR1 was able to retain 
87.6% relative activity after the sixth cycle of reuse [207]. 

Tian and co-workers expressed the Rhizomucor miehei lipase (RML) in Pichia 
using crude glycerol as the carbon source. The impurities of crude glycerol (metha-
nol, glycerol, grease, methyl ester, Na+ , Ca2+ and Fe3+ ) increased the rate of 
P. pastoris entry into the stationary phase. The Na+ , Ca2+ metal ions and grease 
resulted in higher lipase activity. Optimization of these impurities concentration 
using response surface methodology resulted in 2.5 times improvement in lipase 
activity (1437 U/mL) compared to control. Thus, this strategy highlighted the 
importance of lipase production using crude glycerol without its pre-treatment 
with the help of P. pastoris GS115 [208]. 

Due to its lower expression levels, Aspergillus-produced Lipase has had limited 
industrial applications. To resolve the problem, the expression of A. niger Lipase 
(ANL) was carried out in Pichia GS115 in fusion with different fusion tags. The



SUMO-tagged acidic ANL showed higher activity of 960± 40 U/mL, with 1.85-fold 
enhancement than the non-tagged ANL. SUMO-ANL had the maximum activity at 
pH 2.5, was resistant to pepsin and was inhibited by bile salts, suggesting that it 
could also be a promising candidate for gastric digestion [209]. 
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Abu and co-workers reported the production of Geobacillus zalihae thermostable 
lipase in novel Pichia sp. strain SO (Pichia guilliermondii strain SO of Malaysia 
origin). The medium conditions for the optimal production of T1 lipase were 
optimized using the response surface methodology. Plackett–Burman Design 
(PBD) showed that the inoculum size, temperature, agitation, culture volume and 
incubation time significantly impacted T1 lipase production. Box–Behnken Design 
(BBD) was employed to optimize the medium conditions. Hence, using PBD and 
BBD statistical models, different parameters were optimized (incubation time 
39.33 h, temperature 31.76 °C, culture volume 132.19 mL, agitation speed 
288.2 rpm and inoculum size 3.64%), resulting in a 3-fold increase in T1 lipase 
production (13.72 U/mL at OD600 = 24.5) [210]. 

In a recent study, the PGK1 promoter was employed for the constitutive expres-
sion of Lipase B from Candida antarctica (CalB) in Pichia using fed-batch and 
chemostat cultivation strategies. In continuous mode, the highest specific productiv-
ity and volumetric productivity were observed at the highest specific growth rate 
(0.16 h-1 ), thereby resulting in 1.5- and 4.8-fold enhancement in volumetric and 
specific productivity, respectively, compared to fed-batch mode. Further, the contin-
uous cultivation strategy was more suitable for long runs with 5.8 times greater 
production of CalB (1.89 × 108 ) after 6 weeks of cultivation over the fed-batch 
(3.24 × 107 ) [211]. 

Zhou and co-workers reported the production of the thermostable mutant of 
Lipase 2 from Yarrowia lipolytica (YlLip2) in Pichia. By gene dosage optimization, 
the activity of mutant YlLip2 was improved by 89%. Further, optimization of shake 
flask cultivation conditions resulted in YlLip2 production with enhanced activity 
(1465 U/mL). The co-expression of Vitreoscilla stercoraria haemoglobin (terminal 
oxidase) and Hac1p (yeast transcription factor) in YlLip2 mutant enhanced oxygen 
uptake efficiency and reduced ER stress. Fermentation studies in a 3-L fermenter led 
to 9080 U/mL YlLip2 production [212]. 

18.4.3.5 Phytase 
Phytase enzyme is required to break down phytate into inorganic phosphate (Pi). 
Phytate is abundantly present in animal and human dietary products such as 
legumes, oilseeds and cereals. It is also referred to as an antinutrient as it readily 
forms stable complexes with proteins, carbohydrates and divalent metals ions, 
thereby leading to reduced bioavailability of essential nutrients. The phosphorous 
content in diets can be enhanced by providing Pi externally, which is an expensive 
approach. As an alternative strategy, phytase supplementation can help to improve 
nutrient availability. Hence, phytase holds immense potential in the feed and human 
food industry and animal waste treatment. Two thermostable phytases isolated from 
Yersinia frederiksenii and Aspergillus niger were codon-optimized and expressed in 
P. pastoris. The recombinant enzymes exhibited pH and temperature stabilities



[213]. Phytase is also a pH and temperature-sensitive enzyme. Therefore, a 
codon-optimized phytase gene of a thermophilic mold Sporotrichum thermophile 
was expressed in P. pastoris to a level of 480 ± 23 U/mL, approximately 40-fold 
higher than shake-flask results [214]. Recombinant Pichia strains were developed 
that harboured expression cassette, consisting of S. thermophile phytase and Bacillus 
acidicola alpha-amylase genes regulated under the control of both GAP and AOX 
promoters. In the phytase construct, the strain consisted of five copies of the phytase 
gene, two and three under GAP and AOX promoters, respectively. The amylase and 
phytase-producing strains under the dual promoters showed an enhanced activity by 
1.8- and 1.3-fold over the AOX promoter [215]. Yang and co-workers observed that 
the recombinant expression of lily pollen’s alkaline phytase secreted from 
P. pastoris under the GAP promoter displayed an 8-fold enhanced activity 
(75–80 mg/L) as compared to AOX promoter (8–10 mg/L) [216]. Different strategies 
have been explored to improve recombinant phytase expression. Modification of 
AOX1 promoter, α-secretion signal, enhancing gene copy number, expressing Hac1p 
protein required for proper folding and secretion of the protein, overexpression of 
PDI (disulphide isomerase) gene and the use of Pep4 (proteinase A) knock-out 
strains are some of the approaches that have been used to improve phytase produc-
tion [217, 218]. 
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18.4.3.6 Laccase 
Laccases are copper-containing oxidases that catalyse the oxidation of several 
organic and inorganic substances that have abundant electrons. Some of these 
compounds include aromatic and aliphatic amines, diamines and polyphenols. 
Molecular oxygen is the electron acceptor that releases water as the sole 
by-product. Redox mediators further cause the expansion of the substrate range to 
non-phenolic lignin products. One of laccases’ major industrial and environmental 
applications is dye decolourization in industrial and textile wastewater treatment. 
They have emerging applications in bioremediation, biomass breakdown and the 
development of biofuel cells. A novel laccase from the basidiomycete, 
Moniliophthora roreri, was expressed in the fed-batch culture of P. pastoris, 
resulting in high yields of the protein of approximately 1.05 g/L. The recombinant 
enzyme Mrl2 displayed a high enzyme value of 280,000 U/L. Another laccase of 
fungal origin, Lcc9 (Coprinopsis cinerea), was expressed in P. pastoris GS115, 
where a high enzyme activity of 3138 ± 62 U/L was recorded. Further, the efficacy 
of the enzyme in dye decolourization of indigo carmine and azo dyes were tested 
[219, 220]. 

Since the industrial wastewater comprises several compounds such as chlorides, 
detergents, sulphates and metal ions and maintains a neutral or alkaline pH, it is 
expected that the laccases should remain stable under these conditions. A gene of 
Thermus thermophilus SG0.5JP17-16 (LacTT) possessing putative laccase 
properties was successfully cloned and expressed in P. pastoris, producing 
6130 U/L of the enzyme in a 10-L fermenter. The enzyme displayed stability 
towards a wide range of pH, temperature and salts that retained the ability to 
decolourize dyes such as Congo Red and Reactive Black B [221]. Varied



combinatorial techniques based on side-directed mutagenesis, codon-optimization 
and changing cultivation conditions, helped in improving Bacillus licheniformis 
LSO4 laccase in P. pastoris. A D500G mutant of laccase, expressed in 
P. pastoris, displayed 2.1 times higher activity. The mutant enzyme exhibited a 
superior activity of 208 ± 8 U/L without the external addition of copper compared to 
the wild-type enzyme (<5 U/L) when expressed in P. pastoris [222]. 
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18.4.3.7 Other Enzymes 
Several enzymes have been successfully expressed using P. pastoris. Some of these 
proteins include proteases, pectinase and α-galactosidase, which possess 
applications in different industries. Since the discussion of all these recombinant 
enzymes is beyond this chapter’s scope, a few examples of recombinant expression 
of these enzymes in P. pastoris are described below. 

A proteinase K native to Tritirachium album Limber was cloned in Pichia via 
multi-expression vectors, as the expression levels increase with an increase in the 
gene copy number. The enzyme is a serine endoproteinase that forms biomolecules 
by catalysing the degradation of cellular constituents, helps in the removal of 
DNAases and RNAases and serves as a detergent supplement. Its ability to degrade 
keratin makes it a suitable candidate to treat keratin-containing products from the 
poultry industry. A high expression of 8.069 mg/mL and enzymatic activity of 
108,295 U/mL were obtained from a five-copy strain of P. pastoris after 84 h of 
fermentation [223]. Subtilisin, a serine alkaline protease isolated from 
Melghiribacillus thermohalophilus Nari2AT , was cloned in E. coli and P. pastoris 
expression vectors, where Pichia showed its efficient expression [224]. Similarly, 
collagenolytic aspartic protease isolated from Thermomucor indicae seudaticae was 
expressed in both bacterial and yeast hosts E. coli and P. pastoris. Although the 
maximum activity of both expressed enzymes was at pH 5, the Pichia-expressed 
enzyme exhibited a higher thermostability [225]. Further, high enzymatic activities 
of 3480.4 and 49,370 U/mL of Rhizomucor miehei aspartic protease and 
thermolysin-like protease from Aspergillus oryzae were obtained using P. pastoris 
expression system [226, 227]. 

Pectinases are another group of enzymes that have applications in the food and 
agriculture industries. It is required for different processes, such as clarifying fruit 
juice, saccharifying lignocellulosic biomass and extracting vegetable oil. Pectin 
hydrolases, comprising polygalacturonase (PG) and polymethylgalacturonase 
(PMG), catalyse the hydrolysis of α-1,4 glycosidic linkages in pectic acid and pectin. 
Due to its commercial importance, it has been successfully expressed in P. pastoris. 
A comparative expression of the endo-polygalacturonase (PGL) gene (codon-
optimized and native) endogenous to A. niger was carried out in P. pastoris under 
the regulation of two different promoters, AOX1 and the ethanol-inducible ADH2. 
The codon-optimized gene under the ADH2 promoter yielded the best enzymatic 
activity of 42.33 U/mL [228]. Similarly, secretory expression of A. aculeatus endo-
polygalacturonase (Endo-PG) was targeted in P. pastoris KM71 strain, resulting in a 
specific activity of 1892.08 U/mg on citrus pectin. This acidic Endo-PG had the



potential to participate in an eco-friendly bio-scouring as compared to the toxic 
chemical scouring process [229]. 
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18.4.4 Commercial Products Based on P. pastoris 

18.4.4.1 Jetrea (Ocriplasmin) 
Ocriplasmin, also known by its trade name Jetrea (ThromboGenics NV, Leuven, 
Belgium), is a recombinant serine protease expressed using the Pichia pastoris 
expression system. It is used to treat symptomatic vitreomacular adhesion that causes 
the formation of macular holes, edema and macular distortion. As a solution, 
pharmacological vitreolysis is used to treat this condition. Since fibronectin and 
laminin are majorly responsible for maintaining the vitreomacular adhesion, plasmin 
is utilized in the preoperative stage to initiate posterior vitreous detachment while 
performing a vitrectomy. The autolytic instability of plasmin makes it an unsuitable 
treatment strategy. Therefore, it led to the development of the recombinant enzyme, 
microplasmin or ocriplasmin, having the same catalytic features with better stability. 
Ocriplasmin is a truncated version of the serine protease plasmin, which is a potent 
collagenase activator with proteolytic activities against the structural components of 
the vitreoretinal interface, laminin and fibronectin. It is a small protein compared 
with plasmin, which helps it penetrate the tissues with excellent efficacy. It 
comprises two polypeptides of 230 and 19 amino acid residues linked together by 
two disulphide bonds. The enzyme works by a two-stage process, catalysing vitreous 
liquefaction and vitreoretinal separation. Ocriplasmin has gained marketing approval 
in Europe and the United States, which stands as the sole licensed non-surgical 
medical intervention for symptomatic vitreomacular adhesion. The administration 
dose comprises 125 μg product in 100 μL as a one-time intravitreal injection. 
Further, the autolytic and proteolytic properties of ocriplasmin were improved 
using site-directed mutagenesis. The mutants were developed and expressed using 
the P. pastoris expression system [230–232]. 

18.4.4.2 Kalbitor (Ecallantide) 
Hereditary angioedema is an autosomal dominant swelling disorder that causes the 
skin and mucosal tissues to swell. This leads to a decline in the vascular integrity and 
movement of fluids into the interstitial regions. The condition arises due to the lack 
of a functional C1-inhibitor that acts against the plasmin kallikrein–kinin, coagula-
tion and complement mechanisms. The deficiency leads to swelling in the face, 
genital and gastrointestinal tracts. Further, the inflammation of the laryngeal region 
is predominantly a matter of concern as it can lead to asphyxiation. One of the 
treatment measures that the FDA approved in 2009 is the administration of 
ecallantide (kalbitor). Kalbitor (Dyax Corp, Burlington, MA) is a 60-residue-long 
recombinant protein inhibitor of human plasma kallikrein expressed in P. pastoris. 
Ecallantide works by binding and blocking the plasma kallikrein binding site, 
thereby causing reduced production of bradykinin. It has been studied that bradyki-
nin, a vasodilator, is the central mediator of the attacks caused due to hereditary



angioedema. The drug could be administered to patients over 12 years of age where 
subcutaneous dosing of 30 mg is within the recommended limits [233–235]. 
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18.4.4.3 Semglee (MYL1501D Insulin Glargine) and Insugen (Biocon) 
Semglee® (Mylan), a long-acting human insulin analogue, is a biosimilar to insulin 
glargine 100 U/mL (Lantus®, Sanofi), which improves peripheral glucose utilization 
and lowers blood glucose levels. The FDA approved this biosimilar as a therapy for 
type 1 diabetes in children and adults and type 2 in adults. It is manufactured via 
recombinant DNA technology in P. pastoris, where its physicochemical properties 
are similar to that of the EU- and US-sourced insulin glargine 100 U/mL. The 
immunogenic studies have revealed that it has features comparable to the reference 
insulin in patients suffering from type 1 and type 2 diabetes. Further, in trials which 
tested its efficacy, it showed an equivalent glycaemic efficacy even while 
substituting the reference insulin glargine with the biosimilar Semglee®. Its 
approval for use has been given in the EU for patients of or more than 2 years of 
age suffering from diabetes mellitus and Japan where insulin therapy is 
recommended. Further, this is an economical alternative to Lantus®, whose 10 mL 
vials can cost up to US$ 283.60, as the biosimilar’s 10 mL vial is priced at US$ 
98.70 [236, 237]. 

Insugen® (Biocon Ltd., Bengaluru, India) is an insulin biosimilar synthesized in 
a P. pastoris expression system and is accessible as a reusable pen. It has been 
marketed in India since 2004 and Nigeria since 2010. In 2012, a phase 3 study in 
Europe indicated that it was at par with the Novo Nordisk’s product’s efficiency and 
safety [238, 239]. 

18.4.4.4 Shanvac-B (Hepatitis B Vaccine) 
Hepatitis B is a severe communicable liver infection that affects 40 million people 
worldwide. Among the Indian population, 4% are carriers, and about 100,000 
Indians die annually due to this disease. The two vaccine giants, Merck and 
GlaxoSmithKline, led the way in developing recombinant vaccines in 1986, and 
the prices rose to US$ 23 per dose. In India, plasma-derived vaccines were produced, 
but the risk of the spread of blood-borne diseases and the dependence on the donor 
highlighted the need to develop recombinant vaccines. Shanvac-B was the first 
recombinant vaccine against Hepatitis B developed in India. Developed in the 
yeast P. pastoris in 1997, it was introduced at US$ 1 per dose. The efficacy studies 
of this vaccine revealed that this Indian vaccine was safe to use and provided 
sufficient titers against Hepatitis B. Further comparative studies with other Hepatitis 
B vaccines such as GeneVac-B (Serum Institute of India Ltd., Pune) and Engerix B® 
(SmithKline Beecham Biologicals, Belgium), it has been concluded that there is no 
substantial variation between all the three vaccines [240–242]. 

18.4.4.5 Shanferon (Interferon) 
Interferons are an essential class of signalling molecules characterized based on the 
type of receptor interactions. Interferon-α 2b (IFN-α2b) is the type I interferon 
molecule that is used as a medical intervention for hepatitis B and C infections.



The recombinant IFN-α2b is expressed in the form of a single polypeptide chain 
comprising 165 amino acid residues. With a molecular weight of 19.2 kDa, it was 
first marketed as Intron A by Schering Corp (Merck) in 1986, expressed using 
E. coli. The Shantha Biotechnics India is credited with manufacturing recombinant 
IFN-α2b (Shanferon) on the basis of Pichia pastoris-based expression system. It was 
the first report of the commercial synthesis of this therapeutic protein in the yeast 
system. Shanferon was reportedly economically priced at US$ 6.50, which is lower 
than the imported cost of US$ 26. Further, this Pichia-produced molecule has shown 
biological and chemical similarities with the National Institute for Biological 
Standards and Control (NIBSC, UK) international standard [241, 243, 244]. 
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18.5 Summary and Conclusions 

Pichia pastoris has emerged as a promising platform for producing commercially 
and therapeutically relevant biomolecules. Being a eukaryotic host, it is one of the 
most suitable expression hosts for recombinant proteins, requiring post-translational 
modifications and proper polypeptide folding for activity and stability. Further, it 
possesses several advantages over the most widely used yeast, S. cerevisiae, as it  
lacks the immunogenic terminal α-1,3 linkages on its core oligosaccharides. Addi-
tionally, its ability to glycosylate biomolecules in a more humanized manner makes 
it the system of choice for heterologous expression of therapeutic molecules. Fur-
ther, its preference for the aerobic mode of respiration helps achieving high cell 
density at the bioreactor level. As a result, researchers have focused on this 
methylotrophic yeast to develop novel vectors, signal sequences and promoters 
that will enable the synthesis of several value-added products. Various 
biopharmaceuticals and proteins of industrial relevance have been expressed in 
Pichia on a commercial scale, further highlighting its potential as a robust and 
dependable expression system. The ongoing research related to its utility as a 
model system for protein expression and scale-up strategies at the fermenter level 
is a promising step towards developing an effective eukaryotic expression host for a 
range of products. 
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Abstract 

The population growth in the twenty-first century, constant exploitation of natural 
nonrenewable resources, and industrial pollution have forced humanity to look 
for alternative renewable resources, and so far the agro-industrial residues are one 
of the most suitable alternatives. Being rich in carbohydrates (cellulose and 
hemicellulose) and novel biochemical compounds (polyphenolics), agro-residues 
can be utilized by agricultural, biotechnological, pharmaceutical, and 
manufacturing industries. Being available abundantly in nature, they are cost-
effective, renewable, low carbon-emitting, and eco-friendly in nature. These 
features make their way to bio-based refinery, and it is also one of the best 
ways toward green technologies and agro-waste utilization for the generation of 
value-added products. This chapter describes the wide range of agro-residues 
available and their application in the context of fungal white biotechnology. 
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19.1 Introduction 

The rapid expansion of population and the constant growth of global economy have 
increased energy demand, and nearly 80% of this demand is met by using nonre-
newable energy resources [1]. Fossil fuel consumption has resulted in greenhouse 
gas emissions, which have drastic effects on the climate. They are limited in nature 
and may even deplete in the near future [2]. Lignocellulosic biomasses are regarded 
as an effective and sustainable solution to this problem as they can fulfill the energy 
demand as well as reduce net carbon emission. Lignocellulosic biomass (LCB) is 
abundantly available in nature. LCB is a highly renewable, economical, and 
eco-friendly feedstock containing sugar polymers along with organic moieties 
such as lignin and suberin that can be processed to generate value-added products 
such as second-generation biofuels, organic acids, animal feeds, and bio-sourced 
compounds [3]. 

LCB has a complex three-dimensional structure, in which cellulose fibers are 
enveloped by the condensed structure formed by hemicellulose and lignin 
(Fig. 19.1). Cellulose is a homopolymer of glucose molecules which are linked by 
β-1,4-glycosidic linkage whereas hemicellulose is a heteropolymer which consists of 
a variety of sugars such as xylose, mannose, arabinose, and galactose. Lignin is 
composed of polyphenolic compounds (coniferyl alcohol, sinapyl alcohol, and 
coumaryl alcohol) that act as cementing material between cellulose fibers [4]. LCB 
can be categorized into biomass, virgin biomass, and energy crops. Trees, bushes,

Fig. 19.1 Schematic representation of lignocellulosic biomass composition



and sand grasses are examples of virgin biomass, whereas agricultural residue, 
stover, and bagasse are examples of waste biomass. Energy crops are raw materials 
grown specifically for the production of second-generation biofuels as they offer 
high biomass to fuel conversion [5]. The conversion of LCB for the production of 
biofuels and energy is based on two main approaches. The use of biochemical 
processes involving enzymatic and microbial conversion is employed when LCB 
substrate has C/N ratio below 30 and humidity content above 30%. For the LCB 
substrates having C/N ratio higher than 30 and humidity content lower than 30%, 
thermochemical processes can be utilized. In recent years, attempts have been made 
to produce a wide range of new-generation biofuels such as biohydrogen, ethanol, 
butanol, dimethylfuran, levulinic acid, and gamma-valerolactone from LCB [6].
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LCB is considered a good sustainable resource because of its abundant availabil-
ity, renewability, low cost, and global mass production. Apart from biofuels, LCBs 
are used in wood processing industries, paper and pulp industries, biotechnological 
industries as well as nutrient-rich animal feed production. According to Qaisar et al. 
[7], the annual global production of LCBs was more than 180 billion tons and most 
of it remains unutilized. A small fraction of unutilized LCBs has been used as fodder 
for animals [8] or dumped in landfills. However, due to high transportation costs, the 
major part is incinerated on-site, which leads to severe problems of greenhouse 
emission and high particulate matter in the air. Therefore, utilization of LCBs for 
white biotechnological purposes will be a truly holistic and green approach, as it will 
not only provide the substrate for the production of value-added products but also 
reduce the problem of solid waste disposal land and air pollution. 

19.2 Types of Agro-industrial Residues 

In recent years, there has been a growing tendency toward more effective use of 
agro-industrial residues such as cassava bagasse, sugarcane bagasse, sugar beet pulp, 
coffee pulp/husk, apple pomace, and so on. 

19.2.1 Sugarcane Bagasse 

Saccharum officinarum is the scientific name for sugarcane, which belongs to the 
Gramineae family. It may be found in tropical and subtropical regions all over the 
world. It may reach a height of 8–20 feet and is roughly 2 in. thick. There are several 
distinct horticultural types, each with its unique stem color and length. About 
200 nations grow sugarcane, and Brazil is the world’s largest producer, accounting 
for roughly 25% of global output. India, Pakistan, China, and Thailand are the next 
major producers. India is the world’s second-largest sugarcane producer. Sugarcane 
is commonly used to make falernum, sugar, rum, soda, molasses, and ethanol for 
transportation. Bagasse has a low ash content, which makes it ideal for use in 
bioconversion processes involving microbial cultures. Bagasse may also be regarded 
a rich solar energy reservoir in comparison to other agricultural residues due to its



high yields (about 80 tons/ha vs. 1 ton/ha for wheat, 2 tons/ha for other grasses, and 
20 tons/ha for trees, respectively) and yearly regeneration ability [9]. 
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Sugarcane bagasse is very rich in cellulose and hemicellulose content, i.e., 50% 
and 25%, respectively. It also contains about 25% of lignin as well as minimum ash 
content. To be more specific, there is about 50% α-cellulose and 30% pentosans, 
with 2.4% ash content [9]. Because of having very high amount of cellulose and 
hemicellulose, sugarcane bagasse is considered one of the most promising sources of 
carbon and energy. Sugarcane bagasse, a rich source of energy and carbon, is widely 
utilized as raw material for the production of various biotechnologically significant 
products such as organic acids [10], enzymes [11], animal feed [12], mushrooms 
[13], bioplastics [14] as well as biofuels [15]. Moreover, it is also used for the 
generation of electricity and paper production. 

19.2.2 Cassava Bagasse 

Cassava (Manihot esculenta Crantz) is a short-lived perennial that grows 1– 5 meters 
tall and belongs to the Euphorbiaceae family. Cassava is originated in South 
America, most likely in eastern Brazil. It is a bushy plant with aerial and subterra-
nean portions that produce tubers. With a trunk and branches, the height of the aerial 
section can reach up to 4 meters. The subterranean portion is composed of two types 
of roots: those that provide nourishment to the plant and those that are arranged 
axially around the stem. These are known as tubers and are the plant’s edible 
portions. After rice and corn, the tropical root crop cassava (Manihot esculenta 
Crantz) is the third most important source of calories in the tropics [16]. 

Industrially, cassava tuber processing is mostly done to extract flour and starch, 
which results in more liquid and solid residues (processing for flour produces solid 
residues, while processing for starch produces liquid residues) [17]. Brown peel, 
inner peel, useless roots, bagasse, and flour trash are examples of solid residues, with 
bagasse being the most common solid residue. Apart from this, cassava bagasse has 
also been used for the preparation of nanofibers [18]. 

19.2.3 Oil Cakes 

Oil cakes are solid remnants leftover after expulsion or solvent extraction of oil from 
a plant component like a seed. Edible oil cakes are made from edible oil-bearing 
seeds that are utilized to cover a portion of the nutritional needs of either animal feed 
or human consumption. On the other hand, nonedible oil cakes are made from seeds 
that do not contain poisonous chemicals or other contaminants [19]. The chemical 
composition of different oil cakes are described in Table 19.1. 

Nonedible oil cakes, made from neem, castor, mahua, and karanja, are commonly 
utilized as manures. Soybean cake, rapeseed cake, cottonseed cake, groundnut cake, 
sunflower cake, copra cake, and linseed cake are the most popular edible oil cakes in 
the world [21]. Soybean cake accounts for 54% of the overall production volume of



Oil cakes

the different types of oil cakes mentioned above, with rapeseed cake accounting for 
10% and cottonseed cake accounting for 10%. 
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Table 19.1 Chemical composition of major oil cakes (adapted from [20]) 

Dry matter
(%)

Carbohydrate
(%)

Crude protein 
(%)

Fat
(%)

Crude fiber
(%)

Ash 
(%) 

Sunflower 93 23.0 35.6 1.68 28.41 7.36 

Copra 89.9 42.4 20.9 8.0 11.5 5.5 

Sesame 93.9 21.0 48.2 2.3 6.4 12.6 

Soybean 90.3 23.6 51.8 0.9 17.8 7.3 

Rapeseed 90.75 32.2 42.8 4.1 12.1 7 

Olive oil 72.8 10.1 4.77 8.72 49.14 2.36 

Linseed 88.9 36.0 33.2 2.8 8.1 5.4 

Groundnut 90 14.1 45.6 2.47 8.3 5.02 

Safflower 93.1 20.1 44 5.9 12.1 7.2 

Palm 
kernel 

93 45.5 17.5 7.4 11.9 4.8 

Cottonseed 91.53 27.0 41.5 5.75 14.67 6.46 

Oil cakes have major potential for the production of various industrially signifi-
cant products. Various microbial enzymes including amylase [22], lipase [23], 
xylanase [24], tannase [25], protease [26], and phytase [27] have been produced 
using a single type of oil cakes or with a combination of different oil cakes, as a raw 
agro-industrial residue. Oil cakes have been used not only as raw materials but also 
as media supplements, by extracting them in the form of soy peptone trypticase soy 
agar, soy protein isolate or concentrate as well as soy flour, which supplements the 
needs of nitrogen sources in the culture media [28]. Moreover, oil cakes have also 
been used for the production of secondary metabolites. Soybean cake and cottonseed 
cake were used as nitrogen sources for the production of antibiotics [29]. In addition, 
oil cakes have also been explored for the production of secondary metabolites such 
as biosurfactants, which have potential applications in bioremediation, microbial 
enhanced oil recovery (MEOR), and food processing industries [30]. 

19.2.4 Cereal Straw and Bran Residues 

Cereal straw is one of the world’s most abundant and renewable lignocellulosic 
waste materials with a great potential in white biotechnology. The estimated global 
yield of cereal straw is 2.9 billion tons per annum [31], which directly displays the 
abundance of agricultural waste biomass available to be utilized as a renewable 
resource. There are various crops such as wheat, barley, rice, oats, and rye, which are 
incorporated under the title “cereals.” The nonedible parts of these crops, straw and 
bran, are important agro-residues. Cereal straw is made up of a high percentage of 
biological macromolecules such as lignin, cellulose, and hemicellulose. Both cellu-
lose and hemicellulose are polymers of sugar monomers linked via glycosidic
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linkages. Upon hydrolysis, some sugars can be fermented into various products such 
as acetic acid, levulinic acid, ethanol, and acetone. Moreover, these sugars can also 
be used for the fermentation of antibiotics and enzymes [32]. 
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Table 19.2 Chemical composition of various agro-residues 

Agro-industrial
substrate

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Cellulose/ 
lignin 

Wheat straw 31.5–39.5 21.2–29.0 5.6–15.0 2.2–5.3 [33] 

Rice straw 22.8–38.4 17.7–28.5 6.4–18.0 3.6–5.9 [34] 

Rice husk 28.0–43.0 17.5–20.6 21.5–22.5 1.3–1.9 [35] 

Corn stover/husk 36.4–40.0 25.0–29.0 13.0–21.0 2.1–2.3 [36] 

Corn cobs 28.0–45.0 35.0–43.0 11.0–17.0 2.5–2.7 [37] 

Cotton hulls 52.0–90.0 5.0–20.0 4.0–12.0 5.0–11.2 [38] 

Sugarcane bagasse 26.6–40.0 19.0–30.0 19.0–23.3 1.4–2.2 [39] 

Soft wood chips/ 
sawdust 

37.7–49.5 10.7–25.0 26.1–29.5 1.4–1.7 [40] 

Hard wood chips/ 
sawdust 

42.9–45.1 22.0–33.0 24.0–26.0 1.7–2.0 [41] 

Coffee pulp/husk 23.0–29.1 15.1–17.1 13.0–26.0 0.89–0.94 [42] 

Chemically, agro-residues are mainly composed of cellulose, hemicellulose, and 
lignin, where their proportion varies with different types of residual substrates 
(Table 19.2). 

Cereal straws such as rice straw, wheat straw, barley straw, oats straw, and rye 
straw as well as bran residues are one of the most abundant agricultural residues in 
the world. For long, humans have used these residues for various purposes. 

Since ancient times, people are used to burning the residual biomass on the fields 
and also utilizing as a firewood fuel to generate energy as the direct combustion is 
easy and economic. However, the incomplete combustion imposes serious environ-
mental pollution problems due to low combustion efficiency. Recently, researchers 
have been working on improving calorific values and combustive efficiency of 
various straw and bran residues [43], which may enhance the usage of straw for 
the production of industrially significant products. Moreover, the agro-waste and 
fibrous lignocellulosic materials have been intensively utilized in paper and pulp 
industries since the third century BC [44]. Paper and pulp industries are always 
interested in the cellulosic portion of the lignocellulosic biomass. Thus, the 
remaining part containing lignin and hemicellulose is almost wasted in the form of 
black liquor. This black liquor also contains strong acids and alkali, which not only 
cause severe water pollution problems but also increase the cost of the process. Thus, 
researchers are involved in the development of some novel biotechnological pro-
cesses that may be cost-effective as well as eco-friendly. Such biotechnological 
processes may involve the application of fungal enzymes, organic acids, and 
biosurfactants. 

In addition, cereal straws and bran residues have also been used as animal feed. 
Some countries such as Australia and New Zealand have enough grasslands which 
can afford forage-based animal husbandry whereas other developed countries such



as Switzerland and the United States can meet the expense for grain-based animal 
husbandry. In contrast, countries such as India and China have high population-to-
land ratio; thus they cannot afford forage or grains for their fast-growing animal 
husbandry [45, 46]. Therefore, abundant straw and bran residues can be considered 
as sustainable resources for animal feed. However, the direct usage of such residues 
as animal feed is limited due to their complex composition having higher amounts of 
lignin and lower amounts of proteins, which results in poor digestibility and, as a 
result, lower nourishment [47]. It is reported that ruminants such as sheep and cattle 
can only digest about 50% of the ingested straw; on the other hand, pig can digest 
maximally up to 25% [48]. Thus nowadays it has become necessary to improve the 
digestibility and protein content of straw residues using various straw processing 
technologies such as silage and straw ammonization. 
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19.2.5 Banana Pseudostem 

Banana is one of the tallest monocotyledons herbaceous plants [49]. The banana 
plant belongs to the Musaceous family. Banana is the oldest and most economically 
significant cultivated crop in the world. The banana plant is also known as a cash or 
staple crop. Bananas originated from Southeastern Asia and the Western Pacific 
region [50]. Banana plants are also referred to as a “Kalpathru,” a plant of virtues 
[51]. The meaning of banana is a finger, and the word comes from Arabic “Banaana” 
or “Banaan” which means finger tiles [52]. The banana plant is grown all over the 
world. Banana is the fourth largest cultivated fruit in the world after grapes, citrus, 
and apple fruit [53]. India, China, Philippines, and Brazil are the maximum banana-
producing countries. In 2020, the production of banana fruit in the world reached 
20 million tons. India produced 32 million metric tons of banana in 2020. India 
contributes 26% of the world’s banana production. 

Banana pseudostem is made up of tightly packed, overlapped twisting leaf 
sheaths with a central core and because of this, the stem of banana is called 
“Pseudostem” [54]. Banana plants produce only one bunch of bananas during the 
life cycle. After harvesting the bunch of bananas, the residues (banana pseudostem) 
are left on the plantation as a waste. It generates disposal and environmental 
problems [55]. Such problems can be reduced by using banana pseudostem in the 
preparation of value-added products. Banana pseudostem is also used in solid-state 
fermentation as a solid material. 

Each part of the banana pseudostem is useful in the preparation of value-added 
products. Li et al. [56] reported that the banana pseudostem is a good source of 
holocellulose and low amount of lignin which make the banana pseudostem an 
excellent source for pulping and papermaking. Sap, fibers, central core, and sutures 
are four parts of banana pseudostem that can be utilized in order to prepare value-
added products such as mordants, liquid fertilizers, microcrystalline cellulose, fabric, 
yarn, candy, pickles as well as compost. 

Banana pseudostem sap is an extract of banana pseudostem which is brown in 
color. Banana pseudostem is known for its medicinal and industrial applications.



Thorat and Bobade [55] reported that the juice of the banana pseudostem is benefi-
cial in dissolving the stone in the kidney and urinary bladder. The sap of the banana 
pseudostem is also effective against the jaundice. In addition, sap has also been used 
as a natural mordant in the dying processes [57]. 
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Banana pseudostem is made up of 14-18 leaf sheaths which are mainly divided 
into three parts, i.e., outer sheath, intermediate sheath, and central core. The fibers of 
the outer sheaths are very brittle and can be easily broken down. The central core is a 
pulpy matter which is not useful for fiber extraction. Thus only the intermediate 
sheaths are used for the production of fibers. The fibers can be extracted either 
mechanically, chemically, or enzymatically using fungal enzymes such as laccases, 
pectinases, and cellulases. This banana fiber has many applications such as in the 
preparation of yarns, handicrafts, handbags, ropes, purses, carpets, tissue papers, 
microcrystalline cellulose (MCC), and doormats [52, 58]. Many researchers reported 
that the banana pseudostem fibers are rich in cellulosic content [54, 59]. In particular 
MCC can be prepared by treating α-cellulose by using chemical or biological or 
physical treatment [60]. MCC has an excellent property in pharmaceutical, food, and 
cosmetic industries. MCC is used in pharmaceutical industries as a binder or 
adsorbent, in food industries as a stabilizer, thickener, emulsifier, anticaking or 
bulking agent due to the excellent binding property, and in polymer composite as 
a mechanical reinforcing agent [61]. 

19.3 Lignocellulosic Biomass-Based Biorefinery: A Circular 
Economy Approach 

A circular economy is “a model of production and consumption, which involves 
sharing, leasing, reusing, repairing, refurbishing and recycling existing materials and 
products as long as possible” [62]. Fungal biotechnology has the ability to utilize the 
agro-industrial waste and the ability for sustainable production of irrepressible 
sources of feed, food, fuels, chemicals, construction materials, textiles, automotive 
and transportation industries and beyond. As well as it can advance the transition 
from petroleum-based economy into a bio-based circular economy [63]. 

Biorefinery is an emerging concept which is an amalgamation of biomass con-
version processes and industrial facility for the production of producing fuels, 
power, chemicals, and a variety of other value-added products from biomass, 
using a wide range of technologies (Fig. 19.2)  [5]. Consequently, the concept of 
biorefinery is considered analogous to that of petroleum refinery with the main 
difference of using renewable plant-derived materials instead of nonrenewable 
fossil-derived petroleum crude [64, 65]. The wide range of technologies employed 
in biorefinery can provide bio-based products such as biomaterials (fibers and pulp 
for paper industries, composite materials, hydrogels), biofuels (ethanol, biodiesel, 
butanol, and methane), and a variety of biochemical compounds (levulinic acid, 
acetic acid, polysaccharides, etc.) through fractionation, fermentation, and purifica-
tion processes. Therefore agro-industrial residues have a wide range of application as



an alternative to nonrenewable resources which makes it a valuable commodity 
around the globe [66]. 
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Fig. 19.2 Bio-based refinery processes and their applications 

19.4 Major Applications of Agro-industrial Residues 

19.4.1 Agro-residues in Biotechnologically Significant Enzyme 
Production 

Agro-residues are a rich source of nutrients which can be utilized to support the 
growth and development of microbes for the purpose of production of various 
enzymes such as laccase, xylanase, cellulase, and xylosidases[67]. Table 19.3 is a 
compilation of enzymes produced from various agro-industrial wastes. 

19.4.1.1 Laccase 
Laccases produced by fungi are very crucial and more important at the industrial 
level. Laccases have wide applications in various fields such as textile, pharmaceu-
tical and chemical industries, food industry, wood processing, and many more. 
Laccases (E.C. 1.10.3.2) belong to the class oxidoreductase, which has the ability 
to oxidize diphenols as well as can use the molecular oxygen as electron acceptor. 
Laccases belong to a category of polyphenol oxidases which contain copper atom in 
the catalytic center and therefore are called multicopper oxidases [81]. Fungal genera 
belonging to Ascomycetes, Deuteromycetes as well as Basidiomycetes have been 
reported for their laccase production capabilities. 

Rebhun et al. [82] reported laccase production using agro-industrial waste with 
the help of white-rot basidiomycetes such as Cerrena unicolor and Cucurbita



maxima and conclude that wheat bran was the excellent substrate for growth and for
fermentation by C. unicolor, enabling a better production of laccase (87.450 IU/L on
day 7). Freixo et al. [ ] utilized tomato pomace as the only carbon source and
reported the maximum laccase production after the third day (362 U/L of fermenta-
tion broth). Birhanli et al. [ ] utilized lignocellulosic wastes such as sunflower
receptacle, apricot seed shell, and bulrush for laccase production under semisolid-
state and submerged fermentation (SMF) conditions from Trametes trogii (Berk.).
Wang et al. [ ] reported the increased laccase production by Trametes versicolor
using corn steep liquor as both nitrogen source and inducer. At present the focus has
been on using a mixture of agro-residues, instead of individual ones. An et al. [ ]
reported that laccase production in P. ostreatus was improved after inclusion of
cottonseed hulls with corncob and straw. In a recent study involving the use of
Lentinus strigosus isolated from Amazon, a total of 176.23 U/mL laccase activity
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Table 19.3 Production of industrially significant enzymes from LCB using fungi 

Agro-industrial substrate Fungal species Enzymes References 

Wheat straw, rice straw, wheat bran, 
rice bran 

Fusarium incarnatum 
UC-14, 
Trametes versicolor, 
Phanerochaete 
chrysosporium, 
Pleurotus ostreatus 
HP-1 

Laccase [68–71] 

Finger millet, bajra, barnyard millet, 
paddy, maize stover, jowar, foxtail 
millet, proso millet straw 

Aspergillus flavus 
Ganoderma lucidum 
IBL-05 
Phanerochaete 
chrysosporium 

Lignin 
peroxidase 

[72, 73] 

Wheat, straw, oil palm empty fruit 
bunches 

Aspergillus tubingensis 
JP-1 
Aspergillus sp. LPB-5 

Xylanase [74, 75] 

Wheat bran, textile wastes 
consisting of cotton and polyester 

Trichoderma reesei 
NCIM 1186 
Penicillium citrinum 
NCIM 768 
Aspergillus niger CKB 

Cellulase [76, 77] 

Wheat bran, mosambi peel, 
mosambi bagasse, lemon peel, rice 
bran, banana peel, sugarcane 
bagasse 

Aspergillus oryzae Pectinase [78] 

Oil palm cake Pseudolagarobasidium 
sp. PP17-33 

Manganese 
peroxidase 

[79] 

Lime, grape, tangerine, and sweet 
orange peels 

Penicillium italicum 
and Trichosporonoides 
oedocephalis 

Mannanase, 
xylanase 

[80] 

Barley bagasse Trichoderma 
koningiopsis 2OI2A1M 

β-xylosidases, 
xylanase, 
β-glucosidases 

[17]



was reported after 6 days and as a substrate mixed lignocellulosic biomass was used, 
which is composed of cellulose (19.16%), hemicellulose (32.83%), and lignin 
(6.06%) [87].
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19.4.1.2 Cellulase 
Cellulose is one of the most plentiful carbohydrates in plants. Structurally, cellulose 
is a linear biopolymer of hydroglucose units linked by the β-1,4-glycosidic linkages. 
The enzyme employed for cellulose hydrolysis is cellulase (E.C. 3.2.1.4), which 
decomposes cellulose into shorter oligomeric chains like cellodextrin, cellobiose, 
and monomeric sugar units like glucose. Depending on the structure and function, 
cellulases can be categorized into three categories, viz. endoglucanases, 
exoglucanases or cellobiohydrolases, and β-glucosidases or cellobiases. In spite of 
being classified into different categories, these enzymes work collaboratively and in 
a coordinated manner to catalyze the hydrolysis of the complex cellulose. According 
to the classical hydrolysis theory, endoglucanases randomly hydrolyze the cellulose 
chains along the amorphous regions by a mechanism of adsorption and desorption 
and in turn produce cellodextrin. On the other hand, cellobiohydrolases gradually 
hydrolyze the crystalline cellulose regions from either the reducing or nonreducing 
end that liberate cellobiose as their main product whereas β-glucosidases hydrolyze 
the released soluble cello-oligomers to monomeric glucose units [88]. 

Picart et al. [89] using rice straw produced cellulase by Penicillium sp. And the 
enzyme reported was stable at temperature 65 °C and pH 4–5. Waghmare et al. [90] 
compare various agriculture wastes like sorghum husks, grass powder, corn straw, 
paddy straw, sugarcane bagasse, and sugarcane barbojo for cellulolytic enzyme 
production; the best carbon sources for enzyme production was grass powder and 
sugarcane barbojo. Olajuyigbe et al. [91] reported the production of thermostable 
crude cellulase enzymes on corncob by Sporothrix carnis. The highest production of 
enzyme achieved was at 96 h with 2.5% inoculum, activity (285.7 U/mL), pH 6.0, 
and temperature 80 °C. Perez et al. [92] isolated thermophilic fungi Myceliophthora 
thermophila and reported 18.75 U g-1 d-1 cellulase activity using sugarcane 
bagasse and wheat bran as a substrate. Rayhane et al. [93] utilized a mixture of 
lignocellulosic residue consisting of vine shoots, jatropha cake, olive pomace, and 
olive oil to produce cellulase using Trichoderma asperellum. In one of the important 
studies recently, Laothanachareon et al. [94] investigated the effect of various agro-
residues on cellulase production by using 23 different strains of Aspergillus niger 
and concluded that CMCase and β-glucanase activity as only appeared when carbon 
source was switched from basal sugar medium to agro-residue biomass (sugarcane 
bagasse). 

19.4.1.3 Hemicellulases 
Hemicellulases are a group of enzymes that break down hemicellulose, which is a 
major component of plant cell walls. Hemicellulases target different types of 
hemicelluloses such as pentosans, xylans, galactans, mannans, and glucans. 
Hemicellulases are equipped with functional modules that are capable of digesting 
glycosidic bonds as well as esterified side chain groups. Acetyl and feruloyl esterases



hydrolyze acetate or ferulic acid side groups in the plant cell wall structure. Some of 
the most common hemicellulases that act upon glycosidic bonds include 
α-glucuronidases, α-arabinofuranosidases, α-d-galactosidases, and mannanases. 
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Among hemicellulases, xylanase (EC 3.2.1.8) is a class of enzymes that degrade 
the linear polysaccharide xylan into xylose, thus breaking down hemicellulose, one 
of the major components of plant cell walls. Xylans principally consist of D-xylose 
as its monomeric unit and traces of L-arabinose [95]. The use of easily available and 
cost-effective agriculture residues such as wheat bran, corncobs, and wheat straw 
provides suitable methods to achieve higher xylanase yields. Gawande et al. [96] 
evaluated many lignocellulosic residues such as wheat bran, sugarcane bagasse, rice 
straw, and soya bean hulls for xylanase production from A. terreus and A. niger. 
Highest xylanase production was observed in wheat bran. Milagres et al. [97] 
showed the production of high level of thermostable xylanase (1597 U/g xylanase 
activity) after 10 days of SSF from Thermoascus aurantiacus. Patel and Prajapati 
[98] reported wheat husk, rice bran, and rice straw as efficient agro-residues for 
xylanase production by using Cladosporium sp., and the maximum xylanase activity 
was found with rice bran. Cunha et al. [99] optimized the production of xylanase by 
Aspergillus foetidus using soybean residues and achieved 13.98 U/mL enzyme 
activity. Most recently Ismail et al. [100] isolated Aspergillus flavus AW1 which 
was able to produce xylanase using corn cobs as a substrate. 

19.4.1.4 Pectinase 
Pectinases are a group of enzymes that break down pectin, a  polysaccharide found in 
plant cell walls, through hydrolysis, transelimination, and deesterification reactions. 
Among the agro-residues fruit waste and peels are a rich source of pectins and 
potentially can be used for the production of pectinase. Rangarajan et al. [101] 
suggested orange peel as an important agro-residue that can be used to produce 
pectinase and reported exopectinase activity of 6800 IU/g with orange peel extract 
using Aspergillus niger. Satapathy et al. [102] were able to produce 1366.30 U/mL 
pectinase using Aspergillus parvisclerotigenus KX928754 in liquid static surface 
fermentation, 973.12 U/mL with sugarcane bagasse, and 686.7 U/mL with spent tea 
residues. 

19.4.2 Agro-industrial Residues in Mushroom Cultivation 

A large quantity of agricultural crop residues in terms of lignocellulosic waste as 
well as organic content rich agro-industrial by-products is generated annually, which 
are worth getting recovered and transformed into value-added products. These agro-
residues have been utilized for the production of industrially significant organic 
acids, biosurfactants, enzymes, biofertilizer or biopesticide, flavors, ethanol, bioac-
tive secondary metabolites, animal and aquaculture feedstocks, therapeutic 
compounds as well as edible and medicinal mushrooms, and also for bioremediation 
of hazardous compounds, biological detoxification of agro-industrial residues, and

https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Pectin
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https://en.wikipedia.org/wiki/Plant


biopulping under solid-state fermentation (SSF) with the help of fungi from 
Ascomycetes and Basidiomycetes [103–107]. 
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Fig. 19.3 Worldwide mushroom production (Data source: FAOSTATS—Food and Agriculture 
Organization [111]) 

Cultivation of mushrooms is one of the prominent biotechnological processes for 
agro-waste valorization. Mushroom cultivation is an economically feasible and 
widely performed SSF process in which nutrients available in lignocellulosic mate-
rial are transformed into mushrooms [108]. There are a number of agro-residues 
including wheat straw, rice straw, cotton stalks, sugarcane bagasse, cassava bagasse, 
banana pseudostems, wheat bran, sawdust, wood chips, peanut shells, coffee pulp 
and husk, sunflower seed, cottonseed hulls, and corn cobs which possess some 
potential chemical properties that make them suitable substrates for SSF 
[107, 109]. According to Uthandi et al. [110], ample amounts of agro-residues are 
generated upon processing of agricultural crops including wheat, paddy, maize, and 
sugarcane. About 0.75 tons of straw is generated per one ton of paddy, 300 kg of 
bagasse is generated per one ton of sugarcane, and an equal proportion of stover is 
generated upon corn processing. 

However, the types and composition of the substrate utilized for mushroom 
production directly or indirectly impose its impact on the growth of mycelia, 
mushroom yield as well as nutritional and medicinal properties of produced 
mushrooms. Mushrooms are cultivated around the world for many years. Commer-
cial worldwide mushroom production data are incorporated in Fig. 19.3. 

Different edible mushrooms have been consumed for long for their nutritional 
values, flavor, and aroma. These mushrooms are nothing but the fruiting bodies of 
the white-rot or sometimes brown-rot fungi. 

Mushrooms are a good source of carbohydrates, lipids, proteins along with fibers 
and minerals; thus they provide substantial health benefits to the consumers. The 
nutritional properties of edible mushrooms are summarized in Table 19.4. 

Such nutritionally rich mushrooms are produced upon solid-state fermentation of 
various residue-based substrates by white-rot/brown-rot mushroom fungi. For the



Mushroom References

5

bio-based production (SSF) of such mushrooms, availability of the lignocellulosic 
biomass substrate is the primary element. In the field, large amounts of residues are 
generated, but in contrast very small amounts are utilized for different purposes. The 
total availability of agro-residues for biological processing is dependent on various 
parameters, including total production, moisture content, leftover residues on soil to 
maintain soil organic content, animal feed in terms of grazing, and other agro-
activities [120]. 
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Table 19.4 Nutritional values of edible mushrooms 

Nutritional value 

Protein 
(g/100 g) 

Carbohydrate 
(g/100 g) 

Lipid 
(g/100 g) 

Fibers 
(g/100 g) 

Pleurotus 17–42 37–48 0.5– 24–31 [112] 

Ganoderma 13.3 82.3 3.0 – [113] 

Agaricus 56.3 37.5 2.7 – [88] 

Tricholoma 18.1–30.5 31.1–52.3 2–6.6 30.1 [114] 

Phellinus 6.11–10.9 75.04–83.82 0.96–15.86 – [115] 

Grifola 21.1 58.8 3.1 10.1 [116] 

Auricularia 7.2 88.6 1.7 – [117] 

Lentinus 26.3 65.1 2.3 – [118] 

Cordyceps 21.9 24.2 8.2 – [119] 

Flammulina 3.9–17.8 8.6–70.8 1.8–2.9 – [118] 

As fungal growth is influenced by nutrient availability, the production of 
mushrooms is influenced by the chemical composition of the lignocellulosic sub-
strate used. Moreover, some other macro- and micro-elements including potassium, 
calcium, phosphorus, magnesium, manganese, sulfur, iron, zinc, boron, and molyb-
denum occur in agro-residues which help the growth of fungi at lower 
concentrations. 

Fungi efficiently utilize these complex agro-industrial residues with the help of an 
array of enzyme system. These enzyme systems possess various enzymes that 
catabolize the degradation of cellulose (cellulase), hemicellulose (hemicellulase), 
lignin (laccase, lignin peroxidase, manganese peroxidase) as well as other accessory 
enzymes such as xylanase, hydrolase, endo- and exoglucanase, cellobiohydrolase, 
and glucosidase. These enzymes convert complex substrates into utilizable nutrients 
which favors the growth of fungi. In addition to the nutrients, there are certain factors 
such as moisture, water activity, temperature, and light that regulate the growth of 
fungal mycelia as well as fruiting [121]. 

Thus, agro-industrial wastes are extensively used for the cultivation of 
mushrooms around the world.
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19.4.3 Agro-industrial Residues in Animal Feedstock Preparation 

Animal nutrition is one of the rising concerns worldwide. Agricultural, dairy, and 
food industry waste products including lignocellulosic waste, vegetables, fruits, 
whey as well as waste from sugar processing industries have the great potential 
solution toward animal nutrition issues. 

Agricultural residues such as bagasse, straw, husk, cobs, and stovers are argued to 
be the most abundant agricultural waste [122]. Although being abundantly 
generated, their availability as animal feed is limited. Animals may get good 
amounts of cellulose and hemicellulose from these agricultural wastes, but their 
application as an animal feed is constrained due to lack of proteins, oils, vitamins, 
and minerals. Thus in order to use these residues as an animal feed, they must be 
enriched to increase the nutrients, especially protein content. However, nutrient 
enrichment can be done with the help of microbes like bacteria and fungi. 

Solid-state fermentation (SSF) is one of the most preferred biotechnological 
processes that can be employed for the nutritional enrichment of agricultural wastes 
to be used as animal feed. SSF provides convenient environment and conditions 
which are similar to that of the natural conditions and thus stimulates the growth of 
filamentous fungi. Various fungi that have already been used in preparing enriched 
animal feeds are listed in Table 19.5. 

Many researchers have also worked on protein enrichment of various fruit and 
vegetable wastes. Kot et al. [140] reprocessed the potato pulp and wastewater for the 
enrichment of protein content. Villas-Boas et al. [141] have reported about 500% 
enrichment of protein using Pleurotus ostreatus in apple pomace and furthermore 
employed in food preparation. Moreover, to increase the nutritional value and 
digestibility, various food grade enzymes have also been employed as supplements 
or additives during animal feed preparation [142]. 

Although agro-industrial raw materials are available and feed production is 
cheaper, the logistic costs constrain faster development of such production 
technologies, further making the product costly. Moreover, this technology is 
somewhat labor intensive and time consuming. There is thus a challenge in improv-
ing and developing economically feasible, less time-consuming, on-site applicable 
and scalable technologies for enrichment and production of animal feed. 

19.4.4 Agro-industrial Residues in Production of Bioactive 
Secondary Metabolites 

Secondary metabolites are synthesized by microorganisms during the late log or 
stationary phase of their life cycle, which are not essential for reproduction and 
normal growth of an organism. These secondary metabolites may be antibiotics, 
polysaccharides, alkaloids, terpenes, and steroids, which are economically signifi-
cant industrial products [143]. 

The most commonly used technology for production of secondary metabolites is 
microbial fermentation. Among different fermentation methods, submerged



Fungal species Agro-industrial substrate References

fermentation (SmF) is widely used because the scale-up procedures are quite easier 
and production parameters are easy to manipulate. Moreover, the control over 
various parameters such as pH, temperature, and nutritional requirements is better 
under SmF. However, to use agro-industrial residues for the production of secondary 
metabolites, SSF must be opted. SSF is comparatively a labor-intensive process, but 
on the other hand it provides natural environment to the organisms for biological 
processes. 
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Table 19.5 Preparation of protein-enriched agro-industrial residues using fungi 

Improvement in feed 
product 

Microsphaeropsis 
spp., 
Coprinus 
fimetarius, 
Phanerochaete 
chrysosporium, 
Pleurotus 
ostreatus, 
Neurospora 
sitophila, 
Trametes spp., 
Ganoderma spp., 
Trichoderma spp. 

Wheat bran/straw/corn 
stover/buckwheat/millet, 
sugar beet pulp, citrus waste, 
mustard straw, bean straw, 
agave bagasse 
Perennial grass 

Protein-enriched straw/feed 
Edible and medicinal 
mushrooms 

[123–129] 

Pleurotus spp. Coffee pulp; coffee husk Protein-enriched biomass [130, 131] 

Rhizopus 
oligosporus, 
Penicillium 
funiculosum, 
Myrothecium 
verrucaria 

Apple pomace, apple waste, 
apple pulp, grape 

Protein-rich fungi and feed [132–134] 

Rhizopus oryzae, 
Cephalosporium 
eichhorniae, 
Lentinus spp. 

Cassava wastes (peels; 
slurry; bagasse; wastewater), 
cassava Tubers, & starch 

Animal feed and food, 
protein-enriched biomass, 
edible mushroom; protein-
enriched flour 

[135–137] 

Aspergillus niger Lupin meal Improvement of fish 
growth, feed performance, 
and gut morphology 

[138] 

Pleurotus eryngii Wheat bran Increase in lignocellulolytic 
enzymes activity 

[29] 

Beauveria 
bassiana, 
Fusarium 
flocciferum 

Olive cake Increase in protein content 
and decrease in phenolic 
and flavonoids content 

[139] 

Fungi are quite ideal for SSF system than bacteria, as they have capability to grow 
and flourish under lower water activities. There are a large number of fungi capable 
of producing such biologically active secondary metabolites using agro-industrial 
residues (Table 19.6).
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Table 19.6 Preparation of fungal secondary metabolites from agro-industrial residues 

Secondary 
metabolite 

Barley Cephalosporium 
acremonium 

Cephalosporin [144, 145] 

Corn Fusarium moniliforme Zearalenone [146] 

Rice, rice bran, rice husk Metarhizium 
anisopliae 

Destruxins A 
and B 

[147] 

Sugarcane bagasse Claviceps purpurea, 
C. fusiformis 

Ergot alkaloids [148, 149] 

Sugarcane bagasse Penicillium 
chrysogenum 

Penicillin [150] 

Wheat bran Tolypocladium 
inflatum 

Cyclosporin A [148] 

Wheat bran P. brevicompactum Mycophenolic [151] 

Wheat bran, corn cob, cassava 
flour, grains 

Gibberella fujikuroi, 
Fusarium moniliforme 

Gibberellic acid [152, 153] 

Wheat, oat, rice, maize, peanuts Aspergillus oryzae, 
A. parasiticus 

Aflatoxin [154, 155] 

Wheat, oat, rice, maize, peanuts A. oryzae Ochratoxin [156] 

There are several factors that influence the production of bioactive secondary 
metabolites under submerged fermentation. These factors include type of agro-
industrial residue, particle size, moisture content, temperature as well as aeration 
and agitation of substrate. 

Although being greatly available, the agro-industrial wastes are underutilized for 
the commercial production of industrially significant secondary metabolites. How-
ever, the use of agricultural waste must be prioritized by the industries for large-scale 
production of such metabolites as it is evident that higher concentration of the 
products can be achieved through SSF. Moreover, the substrate is even cheaper 
than that of media components used in SmF. 

19.4.5 Agro-industrial Residues in Production of Biofuels 

Finite fuel resources, increasing demand for fuels around the globe, and emission of 
toxic greenhouse gases upon combustion lead researchers to find some alternative 
sources; and biofuels are one of those. Biofuels are also known as bio-based fuels; 
they are made from a combination of biomass and chemicals, considered as the most 
economical transportation fuel. There are two major types of biofuels: gaseous and 
liquid biofuels. Biofuels are fast processing fuels, unlike the fossil fuels which are 
created through slow geological processes. Agro-industrial waste biomass is used as 
raw material for the production of biofuels. It can be made from different sources, 
such as plants, industrial wastes, domestic and commercial crops. The carbon 
content of the fuel varies depending on the environment and the emission levels



[157]. The global annual biofuel production reached 161 billion liters in 2019, which 
is about 6% higher than that of 2018 [158]. In 2000 the global biofuel production 
was about 187 thousand barrels of oil equivalent per day, which rise to 1677 
thousand barrels of oil equivalent per day in 2020. Salidini et al. [159] classified 
biofuels into four classes (first-, second-, third-, and fourth-generation biofuels), 
based on their feedstocks and production methods. 
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First-generation biofuels are made from edible biomass like starch (from 
potatoes, wheat, barley, and corn) or sugars (from sugarcane and sugar beet). They 
initially showed promise in reducing fossil fuel combustion and lowering atmo-
spheric CO2 levels as crops grow using edible crops as feedstocks, as well as the 
impacts on croplands, biodiversity, and food supply [160]. Biodiesel (bio-esters), 
bioethanol, and bio-gas are examples of first-generation biofuels. 

Diesel fuel, with a chemical formula ranging from C10H20 to C15H28 with an 
average molecular weight of 168 (amu), is a popular liquid petroleum fuel for 
transportation [161]. Biodiesel is made by transesterifying oils or fats and can be 
used as a vehicle fuel in its pure form (B100), but it is most commonly employed as a 
diesel additive to reduce particulates, carbon monoxide, and hydrocarbon emissions 
from diesel-powered vehicles. It is generally made up of fatty acid methyl (or ethyl) 
esters chemically (FAMEs) [162]. Biodiesel is also safe to handle and transport 
because it is nontoxic and biodegradable, with a flash point of around 148 °C, 
compared to 52 °C for petroleum diesel fuel [163]. Bioethers (also known as fuel 
ethers) are additives to gasoline that increase the octane number. They can be used to 
replace petro-ethers and increase the performance of engines [164]. Bioethers can 
also significantly reduce engine wear and hazardous exhaust emissions. They are 
created when bioethanol reacts with iso-olefins such as isobutylene. Wheat and sugar 
beet are the most common sources of bioethers [165]. 

Second-generation biofuels are produced using more sustainable techniques. 
When second-generation biofuels are burned, the net carbon emitted or consumed 
is neutral or even negative. Agriculture waste, poplar trees, willow and eucalyptus, 
sugarcane bagasse, switchgrass, corn cobs, and wood are only a few examples of 
cheap and plentiful nonedible abandoned materials that can be utilized as biofuel 
feedstock [166]. 

Second-generation bioethanol is prepared by hydrolysis and subsequent fermen-
tation of agro-industrial residues. It can also be made by thermochemical methods, 
such as gasification followed by fermentation or a catalyzed reaction [167]. However, 
these processes are complicated by the difficulty of biomass breakdown, the release 
of various types of sugars after the breakdown of hemicellulose and cellulose 
polymers, the need to ferment these sugars with suitable organisms, which may 
necessitate genetic engineering, and the cost of collecting and storing low-density 
lignocellulosic feedstocks [168]. In the lignocellulosic conversion process, there are 
four main operational steps: pretreatment, hydrolysis, fermentation, and product 
separation or distillation [169] (Fig. 19.4). 

Energy crops, agricultural waste, and wood residual wastage are all examples of 
second-generation feedstock that can be used to make biodiesel. Jatropha, Aleurites 
moluccana, salmon oil, Rubber tree, Madhuca longifolia, tobacco seed, sea mango,



and jojoba oil are the most popular energy crops used for this purpose. The waste 
from cooking oils, nonedible oil crops, restaurant grease, and animal fats can be 
included as feedstock for the production of second-generation biodiesel [170]. 
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Fig. 19.4 Schematic representation of bioethanol production from LCB 

In the third generation of biofuels, a variety of microorganisms are used as 
feedstocks [115]. The most frequent form for biofuel production is promising 
microalgae because of their photosynthetic ability, producing specific chemicals 
and nutritious items. When compared to fossil-based oil produced by quick pyrolysis 
of wood, microalgae-based bio-oil has a high heating value, low density, and low 
viscosity [171]. Genetically engineered microorganisms such as microalgae, yeast, 
fungus, and cyanobacteria are used as sources in fourth-generation biofuels [172]. 

19.4.5.1 Biohydrogen from Agro-industrial Residues 
Hydrogen is a very high energy (122 kJ/g) yielding fuel as compared to ethanol or 
methane. When combusted it liberates water in place of greenhouse gases. Using 
light as a primary source of energy, photoautotrophic growing bacteria and 
microalgae, the hydrogenase enzyme splits water into hydrogen and oxygen. Vari-
ous solid agricultural wastes such as black strap molasses, rice straw as well as liquid 
waste from rice winery and sugar mills have been successfully employed for the 
production of hydrogen fuel [173]. The application of potato steam peels has also 
been studied for hydrogen production. The total hydrogen and acetate production 
using only glucose as a source of carbon and equivalent amount of sugars in potato 
steam peel hydrolysate (prepared by the action of amylase and glucoamylase) was 
assessed. The study revealed that higher hydrogen production and maximum hydro-
gen productivity (218 mM and 11.7 mmol/L.h, respectively) occurred from the peels 
than that from glucose (130 mM and 10.7 mmol/L.h, respectively) [174].
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19.4.5.2 Bioethanol from Agro-industrial Residues 
Bioethanol is produced by simple fermentation of cheaper and renewable agricul-
tural carbohydrate feedstock using yeasts as biocatalysts. Various common sugar 
feedstocks such as sweet sorghum, sugar beet tubers, and sugarcane stalks have been 
successfully employed for the production of bioethanol. The yeast cell produces two 
enzymes, namely zymase and invertase, which mediate the fermentation process. 
Initially, the lignocellulosic biomass is subjected to chemical or enzymatic 
pretreatment for the conversion of cellulose and hemicellulose into complex sugars. 
Then invertase enzyme produced by the yeast cell converts these complex sugars 
into simple fermentable sugars which will be fermented further to produce crude 
ethanol and carbon dioxide. This crude ethanol contains significant amounts of water 
and thus it is subjected to fractional distillation (vaporization) to remove water and 
pure ethanol (95%) is further obtained upon distillation. Bioethanol production from 
renewable and cheap agro-industrial residues reduces greenhouse gas emissions like 
COX, SOX, and NOX as well as eliminates smog. Thippi, corn steep liquor, switch-
grass (Panicum virgatum), potato waste, oat straw, rice straw, wheat straw as well as 
Ami-ami solution (Brewer’s yeast autolysate and fish soluble waste) have been 
globally used as raw materials for bioethanol production [175, 176]. 

19.4.5.3 Biodiesel from Agro-industrial Residues 
The use of oil from peanuts was initially demonstrated by Rudolf Diesel in his self-
designed engine during the World Exhibition held in Paris in 1900. After that, 
numerous trials have been made to establish the potential of triglycerides as an 
alternative to diesel. Anyhow, high viscosity and poor low temperature properties of 
triglycerides were the limitations to be used directly in diesel engines. These 
limitations can be overcome by modifying the properties of vegetable oils that 
resemble that of petrodiesel. Biodiesel is mono alkyl esters produced upon 
transesterification of triglycerides with alcohol (methanol) in the presence of chemi-
cal catalysts like acid/alkali or biological catalysts like enzymes. Biodiesel is gener-
ally prepared from vegetable oils like palm oil, rice bran oil, rapeseed oil, sunflower 
oil, and soybean oil as well as from animal fats. The type of vegetable oil to be used 
in the biodiesel production mainly depends upon the abundance near the production 
site. Biodiesel from animal fats has several advantages over biodiesel from vegetable 
origin. Biodiesel produced from animal fats has a high cetane number due to less 
amounts of unsaturated fatty acids than as compared to vegetable oils; and a higher 
cetane number emits lower NOx gases [177]. Moreover, biodiesel from animal fats 
also has a high calorific value [178]. Researchers have reported that blends of 
soybean/beef tallow biodiesel presented higher oxidative stabilities as compared to 
biodiesel from soybean oil only [179]. 

Increasing prices of crude oils and cost-effectiveness of major biofuel 
technologies have globally accelerated extensive utilization of agro-industrial 
residues for the production of alternative biofuels. Gaseous biofuels (biomethane 
and biohydrogen) as well as liquid biofuels (bioethanol and biodiesel) have evolved 
as a potential alternative to the diminishing fuel resources. Biotechnologies used for 
the production of biofuels from agro-industrial wastes have potential in reducing



greenhouse gas emissions and release of toxic pollutants, thus saving the environ-
ment and partly solving the global fuel crisis. By considering the sustainability and 
transformative power of biotechnologies in biofuel production, the “second indus-
trial revolution” can be enabled that the society now requires. 
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19.4.6 Application of Agro-industrial Residues in Pharmaceutical 
Industry 

Pharmaceutical industries are one of the essential industries in the world and are the 
backbone of many developing nations including India. According to a study carried 
out by IQVIA, the pharmaceutical sector should experience market growth between 
3 and 6% worldwide over the next five years, which amounts to exceeding 1.5 
trillion dollars in total value by the year 2023 [180]. India currently ranks third in the 
world in terms of volume and 14th in terms of value for pharmaceutical compound 
production. The country has vast domestic pharmaceutical sector with a robust 
network of 3000 pharmaceuticals businesses and 10,500 production units as of 
2022 [181]. With the constant rise in population along emergence and 
re-emergence of diseases, the demand of pharmaceutical products will increase in 
near future which puts pressure on supply of raw products to meet the demand. 
Agricultural residue can provide alternate raw material for many pharmaceutical 
products and help meeting the demand in future [182]. 

In recent times there has been an increase in manufacturing antimicrobial 
compounds to combat respiratory disease, infections, and many other physiological 
conditions in humans [183]. However the excessive usages of synthetic pharmaceu-
tical products have led to unforeseeable consequences for humans such as resistance 
in microorganism and side effects of drugs [184]. These limitations have sparked 
interest among research community to investigate alternate routes for drug 
preparations and use of bioactive compounds from agricultural residues [185]. Edible 
fruits are heavily utilized in food industries and their waste is known to possess raw 
materials that can be used in drug manufacturing. Currently, citrus fruits (Lemon, 
Orange, limes, etc.) are receiving special attention from researchers for their 
antiviral, anti-inflammatory, antibacterial, and antifungal properties [186]. Agri-
food wastes such as peels, pomace, and seeds can assist in enhancing bioavailability 
of various drugs as they are a rich source of nutrients as well as phytochemical 
compounds. They are an excellent source of organic acid, sugars, and polyphenolic 
compounds such as flavonoids and anthocyanins which have proven antibacterial, 
antifungal, anti-inflammatory, immunomodulatory, and antioxidant properties [187]. 

Constant emergence and re-emergence of viral diseases such as hepatitis, Ebola, 
MERS-CoV (Middle East respiratory syndrome), SARS-CoV (severe acute respira-
tory syndrome), H7N9 (avian influenza virus), and Crimean-Congo fever have put 
increasing pressure on the entire health sector and industry to focus research on 
finding alternative medicine with antiviral properties. In this regard, bioactive 
compounds present in agro-wastes such as tangeretin, nobiletin, and hesperidin 
have shown great potential of antiviral properties in terms of infected cell activity



reduction and viral multiplication inhibition [188]. In the light of recent disease 
outbreaks such as Zika virus and COVID-19, many alterative drugs and natural 
compounds like Arbiol, Remdesivir, and Lopinavir are now being investigated for 
their direct antiviral activities [189]. 
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19.4.7 Miscellaneous Applications of Agro-industrial Residues 

Agricultural residues such as seeds, fruit peels, fruit skins, and cereal husks have the 
capability to enhance sensory and nutritional characteristics when partially 
substituted with 10% to 30% of wheat and corn flour in preparation of bread. 
Furthermore fruit peels are a novel source of colorant which adds in color, flavor, 
antioxidant and anti-inflammatory properties to bakery products [182]. Natural 
phytophenolic compounds are valuable products because of their medicinal 
properties and some of the important sources are peels of lemons, oranges, and 
grapefruits. Notably peel residues from apples, peaches, pears, and nectarines 
contains twice the amount of total phytophenolic compounds compared to fruit 
pulp [190]. Similarly grape seeds and skins which are waste products from the 
grape juice and wine industry are also sources of several phytophenolic compounds 
such as mono, oligo, and polymeric proanthocyanidins [191]. Dietary fibers are an 
essential component of diet as they have a role in the prevention of diabetes, obesity, 
atherosclerosis, heart diseases, colon cancer, and colorectal cancer. Among the LCB 
components, hemicellulose and pectin possess significant metal binding capability, 
which has a positive role in metabolism. The utilization of by-products or wastes 
from industrial processing of fruit and vegetables, i.e., apple, currant, citrus fruit, 
carrot, tomato, melon, or spinach pomace, is convenient and cost-effective and 
enables rational management of troublesome wastes. 

Agricultural wastes and residues are biodegradable in nature and although most 
common use of it is as the feedstock, huge amount of it goes straight to landfills and 
dumps. This waste can be used to obtain composite materials which can be used in 
manufacturing many products and as a building material [192–194]. The raw 
agricultural residues can be used to produce nano-composite materials for a wide 
range of applications. The common ingredients of nanocomposites (NCs) are 
nanocellulose, nanoscale carbon-based materials, and nanosilica. They are currently 
utilized in industrial sector, agriculture, pharmaceutical, and remediation of 
pollutants. The most potent agro-residues for preparation of nanocomposites are 
banana peels, orange peels, wheat whiskers, straw, cotton stalks, corn stalks, coconut 
shells, almond shells, corn silk, rice husks, oil palm empty fruit bunches, bagasse, 
peanut hulls, and ginger rhizome [192, 194, 195]. NCs can be fabricated using 
hydrothermal carbonization, sol-gel method, co-precipitation, polymer solution 
casting, phase inversion technique, ball milling, and direct compounding methods 
(Fig. 19.5)  [196].
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Fig. 19.5 Different methods for the preparation of bio-nanocomposites from LCB 

19.5 Conclusion and Future Prospects 

Agro-industrial residues are abundantly found in nature and have been widely 
distributed all over the world through trading, import-export, and direct industrial 
applications. However the major portion of these residues is not utilized efficiently, 
and it ends up in landfills and waste dumps. While common agro-residues like cereal 
straws and cobs are used in animal fodders, other residues like oil cakes, 
pseudostem, bagasse, and fruit shells and peels are not suitable as fodder; thus 
most of it ends up as a solid waste. In the present scenario regarding economy and 
environmental changes in the world, it is important that not only these agro-residues 
be recycled and treated but also be utilized for the production of renewable energy 
and value-added products. In recent times, fungi have been the most suitable 
organism for the production of many value-added products from agro-residue due 
to their robustness and ability to survive in adverse environmental conditions and 
different ecological niches. Furthermore, fungi can produce a wide array of enzymes 
which can break down complex LCB residues and generate value-added products.
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This chapter summarizes all types of agro-residues and their potential industrial 
applications by using bio-based refinery approach. One of the important components 
of the biorefinery concept is the fractionation of complex lignocellulosic biomass 
residues which help in the separation of major components of LCB residue such as 
cellulose, hemicellulose, and lignin with minor phytochemicals. While cellulose and 
hemicellulose can be used for the production of animal feed, industrially significant 
enzyme, and organic fertilizers, lignin component is used for the production of 
laccase class of enzymes and phytophenolic compounds. The direct implementation 
of LCB residues as a substrate has also been used for the production of industrially 
significant enzymes, secondary metabolites, and mushroom production. 
Phytochemicals from LCB residues have vast potential to generate many bioactive 
compounds which have antimicrobial, nutraceutical, antioxidant, and many other 
pharmaceutically significant properties. Currently the energy and food demand has 
sharply increased due to population rise, exploitation of natural resources, and 
environmental changes. Thus it is the need of the hour to switch to renewable 
resources and switch to green technologies with low carbon emission and high 
recyclability. 

Agro-industrial residues are the most prominent resource which are easily avail-
able in nature. The limitations of bioactive compounds and emerging drug resistance 
of pathogens have also put the industry in dire need of looking for alternative 
medicinal compounds. Agro-residues can be used to generate many novel bioactive 
compounds which can be used for the purpose of alternative medicine. Current 
trends in research suggest that in the coming years, utilization of agro-residues will 
play a major role in renewable energy and product industries. 
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Abstract 

Mycelium-based composites (MBC) can be designed utilising a wide range of 
lignocellulosic substrates and widely distributed versatile ligninolytic fungi. 
While a wide range of mechanical behaviour has already been reported in the 
past 15 years, showing potential to obtain viable products for a variety of uses; no 
systematic description of the engineering parameters has been established till 
date. We review carbohydrate-active enzyme (CAZyme) activities of fungal 
species, lignocellulosic substrate chemical profile at cellular level, wetting 
characteristics, substrate aggregate and composition characteristics. We identify 
three principal strategies for designing MBC: supplementation, densification and 
composition, and discuss them regarding outstanding reports from the state-of-
the-art. We report on solid-state fermentation supplements having significant 
effect on fungal CAZymes activities (e.g. monosaccharide, nitrogen, ash, pH of 
buffer). State-of-the-art designs and process control promote specific enzymatic 
activities independent of species genomics; systematically investigating supple-
mentation, densification and composition design strategies in the future may lead 
to both a widening and deepening of the available material qualities, along with a 
focus on developments around functional poles. Additionally, future reproduc-
ibility studies of MBC development reports may both improve the overall market 
readiness and public adoption of MBC solutions and valorise the wealth of 
material and design semiotic properties that the versatility and affordability of 
MBC systems support. 
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Highlights
• We identify three principal strategies for designing mycelium-based composites: 

supplementation, densification and composition.
• We report on supplements and wetting metrics having significant effect on fungal 

CAZyme activities and mycelia phenotypic expression.
• We report on the composition strategies having significant effect on mechanical 

response of mycelium-based composites.
• We present state-of-the-art mechanical reports comparatively from species and 

substrate specifics.
• Systematic investigations in future may lead to widening and deepening available 

material qualities along with a focus on functional poles. 

20.1 Introduction 

Inherited from the nineteenth- to early twentieth-century method of fungal strain 
transfer by lignocellulosic solid-state fermentation (SSF) [1], mycelium-based com-
posite (MBC) cultivation protocols can be based on a wide range of substrates 
containing lignocellulosic polymers using versatile ligninolytic fungi. Widely avail-
able basidiomycota have been instrumental in developing composites with a wide 
range of mechanical performance, showing potential to obtain viable products for a 
variety of uses. However, no systematic description of the engineering parameters 
has been established till date. Although the first MBC commercial venture was 
established in 2006 (Ecovative Design LLC), an aggressive patent strategy



combined with an inertia in explaining the engineering-driving principles of MBC 
has resulted in a very low market readiness and market permeability of the material 
solutions. With a global urgent need to adopt low-energy and low-impact 
alternatives to existing detrimental material systems on a scale, we argue that 
rationalising and systematising approaches to analysing MBC systems is necessary 
to actualise their potential and facilitate market readiness. 
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As composites, MBC are made of a matrix phase that corresponds to a continuous 
and foam-like or elastomer-like mycelium, and a dispersed phase composed of 
particles and/or fibres. Additionally, surface or volumetric components can be 
used to compose the substrate of a composite and modify its properties. Fungal 
decay is functionalised as a binding method between elements of the dispersed 
phase. From this generic definition, we can appreciate the sheer breadth of the 
material design space, and can identify the main material characteristics for defining 
the cultivation protocol and specifying composite properties:

• Enzyme arrays of fungal species,
• Substrate chemical profile,
• Substrate wetting characteristics,
• Substrate aggregate characteristics,
• Substrate density and composition. 

The resulting composite properties depend on the SSF model that is adopted. 
While tacit knowledge of MBC craft is sufficient for reaching a satisfactory output, 
thanks to the competitive colonisation dynamics of the fungi in use, the explanation 
and modelling of the driving parameters of MBC systems can foster a deeper 
engagement through engineering practice, thus extending the reach and effectiveness 
of material research and improving market readiness. Paste-like substrate design for 
fungal colonisation is not studied at present. The inner structure of a typical MBC is 
presented in Fig. 20.1. 

We start by presenting a review of the MBC model from a ligninolytic fungi 
enzymatic activities perspective, and proceed to describe the biochemistry of

Fig. 20.1 Typical inner 
structure of an MBC



lignocellulosic substrates while correlating it to fungal enzymatic abilities. Building 
upon studies of fungal niches in the wild and their parasitic or saprotrophic 
behaviour in trees, we come to understand the hydrolytic abilities of wood in relation 
to their chemical composition and evolutionary stage as a primary parameter for 
predicting fungal colonisation. A comprehensive review of supplementation 
methods for influencing enzymatic activities is presented for ultimately adapting 
protocols to locally available resources. Furthermore, in describing the behaviour of 
MBC from this perspective, we review studies that have shown a clear correlation 
between the mycelial mechanical properties and their cultivation substrate chemical 
composition. While these properties have been demonstrated to be modifiable to 
result in foam-like or elastomer-like behaviour, nature of substrate aggregates (size, 
distribution and shape) are the principal contributors of composite strength and 
stiffness. Outstanding mechanical results from the MBC state-of-the-art are then 
discussed with regard to these insights, in an effort to describe the behaviour of 
composites. We identify three main substrate-based exploration strategies for the 
MBC system: densification (by dense packing, cold- or hot-pressing), composition 
(by introducing structuring elements) and supplementation (targeting mycelium 
properties, and based on chemical tuning of the substrate). Furthermore, we have 
analysed available data in published peer-reviewed studies to offer a critical review 
of the state-of-the-art, and conclude on the most significant engineering parameters 
and recommend research directions.

608 A. Rigobello and P. Ayres

20.2 Enzymatic Activities of Ligninolytic Fungi 

The species of Trametes, Ganoderma and Pleurotus are among the most frequently 
cited fungal families in MBC design [2]. Schizophyllum commune is a less 
investigated species but there is a continued interest [3], especially because it is 
one of the few mushroom-forming fungi for which genes have been inactivated by 
homologous recombination [4]. This strategy has proved useful for genetic studies 
and functional genomics [5]. Gene inactivation articulates the principles of homolo-
gous recombination for replacing an existing autologous gene with a designed 
heterologous gene. Furthermore, the recombinant DNA constructs of S. commune 
has been reported to express in other mushroom-forming fungi, such as Pycnoporus 
cinnabarinus, which supports its importance for fungal biology [4, 6]. Irpex lacteus 
has been used previously in MBC development [7], as in Agaricus bisporus [8] and 
Fomes fomentarius [9]. Other less investigated species have also been reported [2]. 

Wood-rotting fungi can be classified by their decay activity, which cover three 
main modes: white-rot (specified as selective delignification and simultaneous rot), 
brown-rot and soft-rot. Across the surveyed species, all of them are white-rot, 
ligninolytic fungi. They have the enzymatic ability to decompose all three principal 
polymer classes found in wood: lignin, hemicellulose and cellulose, but most often 
degrade primarily lignin and hemicellulose as reported in Ganoderma lucidum 
[10]. In such cases, these species qualify as selective delignifies, as opposed to 
simultaneous decomposers where all three polymer classes endure similar decay



rates. Brown-rot fungi use a two-step oxidative–enzymatic mechanism for the 
breakdown of cellulose and hemicellulose [11]. Their lignin degradation is limited 
to modification in lignin, although brown-rot fungi is a polyphyletic group evolved 
from at least seven white-rot lineages [12]; they reportedly lack more than 60% of 
the genes known to be present in white-rot species. Brown-rot species degrade 
cellulose and hemicellulose at a higher rate than white-rot species in laboratory 
studies [13]. This decay mode is most often encountered in coniferous trees. Soft-rot 
fungi commonly share the ability to demethylate. This mode is associated with 
Ascomycota and monokaryotic mycelia, and is distinctive for its tunnelling decay 
pattern through lignin layers to reach cellulose and hemicellulose-rich areas 
[14]. Lignicolous fungi can benefit from a variety of enzymatic strategies to ulti-
mately fully decompose lignocellulosic substrates. The environmental conditions for 
enzyme activation define the species niche and their subsequent distribution. The 
principal wood-rot enzyme families are presented in Table 20.1. 
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Lignin linkages result from radical reactions, in contrast to polysaccharide 
polymerisation resulting from hydrogen bonding. Lignin, therefore, does not involve 
hydrolytic enzymes and cannot be used as a source of carbon or energy for most 
wood-rot fungi. Its decomposition serves primarily for the fungus to gain access to 
hemicellulose, pectin and cellulose compounds. Lignin depolymerisation is mostly 
initiated by aromatic ring oxidation by peroxidases (by use of H2O2 or R–OOH) 
[35], while other aromatic compounds in the cell structure are mostly catabolised by 
monooxygenases and dioxygenases. Peroxidases are heme proteins, such as lignin 
peroxidase (LiP) and manganese peroxidase (MnP). LiPs are known to oxidise 
phenolic aromatic substrates along with various nonphenolic lignin compounds, 
and other organic compounds with a high redox potential. MnP leads to H2O2 

oxidising Mn2+ to Mn3+ , an oxidising compound to monomeric phenols. Mn3+ 

chelates permeate through wood cells and decay lignin selectively. These chelates 
cannot oxidise nonphenolic compounds, but radicals formed by Mn3+ oxidation can, 
in turn, oxidise benzyl alcohols and other diarylpropane structures. MnP can also 
peroxidise lipids [36]. Versatile peroxidase (VP), in addition to MnP and LiP, are 
enzymes that are Mn2+ specific, but that can oxidise phenolic and nonphenolic 
compounds in its absence (as with LiP). They are involved in oxidation of high 
redox potential aromatic substrates, thus reducing Mn2+-independent oxidation but 
not affecting Mn2+-dependent one [15]. Mn2+-independent oxidation capabilities for 
phenols, small dye compounds and amines has also been described for MnP [35], 
and it is predicted from sequencing that similar divergent MnP may be present in 
Trametes spp., Pleurotus spp. and A. bisporus among other species [35, 37]. Hydro-
gen peroxide, necessary for LiP and MnP activities, is the product of fungal 
enzymatic activity. A peroxidase family with wide substrate specificity, active at 
pH of approximately 3, has been identified in fungi: dye-oxidising peroxidase (DyP). 
In addition to oxidising peroxidase substrates, it can perform on anthraquinones. 
Laccases are a very versatile family of enzymes found in nearly all fungi including 
those without lignin degrading abilities [38]. These enzymes perform functions 
ranging from synthesis of melanin and other pigments to conidia and fruiting body 
formation, and lignin decomposition [39]. These belong to a multicopper enzyme
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family and catalyse the removal of an electron from phenolic hydroxylic groups to 
form phenoxy radicals, which then polymerise via radical coupling. Ultimately, the 
reactions lead to the presence of oxidised quinones and couples oligomeric products. 
Laccases also have wide substrate specificity and can act upon an extended range of 
phenols, diphenols, aminophenols and aromatic compounds. When their catalytic 
reaction is accompanied by demethylation, it may lead to ring cleavage. Tying lignin 
decomposition to cellulose and hemicellulose decay, cellobiose dehydrogenase 
(CDH) has the ability to oxidise cellobiose, cellodextrins and lactose [16]. Hemicel-
lulose-degrading enzymes are capable of hydrolysing various polymers, 
β-1,4-galactosidase degrades xyloglucan, xylan, galactomannan and pectin 
[17]. More specific xyloglucanases, xylanases, mannan-degrading enzymes and 
pectinases can be found in all fungi to a varied extent. Typically, pectin can be 
hydrolysed by polygalacturonidases, but also cleaved by β-elimination by pectin and 
pectate lyases. Cellulose hydrolysis by fungal enzymes employs glycohydrolases 
(GH) by glycosic bond cleavage. Among GH families, cellobiohydrolase I (CBH I) 
is the major cellulase being produced in white- and soft-rots; it binds to crystalline 
cellulose and hydrolyses it into cellobiose. Cellobiohydrolase II (CBH II), found in 
all but brown-rot fungi, binds to amorphous cellulose and generates cellobiose from 
the non-reducing end of cellulose using acid catalysis of the β-1,4-glycosic bond. 
Endoglucanases are a major enzyme group capable of hydrolysing cellulose polymer 
from within the molecule rather than its end. The variety encountered in fungi refers 
to four GH families: GH5, GH7, GH12 and GH45. GH5 endoglucanase is a less 
studied family in fungi. GH7 endoglucanase displays a similar mechanism to CBH I, 
with the difference that it can hydrolyse from the middle of cellulose molecules. 
GH12 endoglucanases lack a carbohydrate-binding module (CBM). They are there-
fore unable to degrade crystalline cellulose but can hydrolyse it in its amorphous 
form. GH45 endoglucanase benefits from a CBM. β-Glucosidases, produced by all 
fungi, belong to GH1 and GH3 families. GH1 β-glucosidases are able to cleave 
soluble β-linked oligosaccharides from up to nine glucose residue chains and 
aglycone-linked β-glucosides, and can be competitively inhibited by the products 
of CDH activity. GH3 β-glucosidases can remove single glucosyl residues from the 
non-reducing ends of oligo- and polysaccharides such as β-D-glucans, β-1,3-D-
glucans, β-1,4-D-glucans [40]. Lytic polysaccharide monooxygenases (LPMO) 
operating by oxidative cleavage have been shown to enhance cellulose degradation 
[41, 42]. 
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Carbohydrate-active enzymes (CAZymes) have been classified into six principal 
families: auxiliary activities (AA), glycoside hydrolase (GH), glycosyltransferase 
(GT), polysaccharide lyase (PL), carbohydrate esterase (CE) and carbohydrate-
binding module (CBM). We have summarised the genome distribution of Trametes 
versicolor, Pleurotus ostreatus PC15 and G. lucidum G0119 according to this 
nomenclature in Table 20.2 to exemplify specific species decaying modes. 
G. lucidum benefits from the widest known CAZymes array with 565 genes having 
been assigned to these functions [10, 44]. This is a well-known versatile fungus 
capable of selective delignification, as we have previously confirmed experimentally 
[45]. The actual decay strategies in selective delignification-capable fungi has been



Enzymes TV PO GL

correlated to wood species, lignin contents, temperature, pH and moisture content 
[46–50]. 
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Table 20.2 Genome distribution of CAZymes from selected species: T. versicolor (TV) [43], 
P. ostreatus PC15 (PO) [43] and G. lucidum G0119 (GL) [44] 

CAZyme 
family 

AA Laccase, LiP, MnP, VP, DyP, CDH, LPMO 89 114 96 

CBM GH5-GH7-GH45 endoglucanase, CBH I 47 82 33 

GH GH12 endoglucanase, β-glucosidase, xyloglucanase, 
xylanase, polygalacturonidase, mannan-degrading, CBH II 

222 235 262 

GT Glycosyltransferases 85 67 72 

PL Pectin lyase, pectate lyase 9 23 11 

CE Carbohydrate esterases 19 28 91 

20.3 Lignocellulosic Substrates 

Lignin is the most effective barrier to fungal decay as it prevents migration of low 
molecular weight diffusible agents (i.e. H2O2, veratryl alcohol, oxalate, Fe

2+ , Fe3+ , 
Mn2+ , Mn3+ ) for decomposing cellulose and hemicellulose. The nature of lignins is 
of considerable influence on the effectiveness of enzymatic activity. Lignins are 
polymers of phenylpropene units and they comprise guaiacyl, syringyl and p-
hydroxyphenyl units. Gymnospermous woods (conifers) are almost exclusively 
composed of guaiacyl monomers, while angiospermous trees (hardwood) contain 
approximately equal shares of guaiacyl and syringyl monomers [51]. Similarly, 
different distributions of hemicelluloses are found in gymnospermous trees 
(galactoglucomannan, glucomannan and arabinoglucuronxylan are the principal 
ones) and in angiospermous trees (arabinogalactan, xyloglucan and various glucans 
are the principal compounds) [14]. Pectins are primarily made of β-1,4-D-
galacturonase acid units and their methylesters, interrupted locally by 1,2-linked 
L-rhamnose units [52]. The primary constituent of wood is cellulose, which is made 
of repeating glucose units joined by β-1,4-glycosyl linkages. Cellulose represents 
about 50% of the wood cell wall, lignin 25%, hemicellulose 20–25% and pectin 
1–4%. Hemp is often used in MBC practice. Their lignocellulosic components ratio 
is C:HC:L, which is close to 15:2:1, while their shives display a ratio closer to 2:1:1. 
The cultivation period and weather has been reported to cause differences in 
non-cellulosic composition [53]. 

The variety of wood structures and their chemical composition pairs with various 
decay strategies driven from the set of fungal CAZyme expression. These wood 
specifics can be understood from the evolutionary history of cell specialisation. 
Principal wood structures are presented in Fig. 20.2, reprinted [54]. Wood cells 
can be made of various specialised cells: tracheids, xylem ray parenchyma, axial 
parenchyma and vessels. Tracheids are found down to a first evolutionary stage of 
trees in gymnospermous woods, where they combine the tasks of water transport and



structural stiffness. In contrast, gymnospermous woods typically lack vessels and 
rarely have axial parenchyma. Their tracheid-to-xylem ray parenchyma ratio is most 
often in the vicinity of 9:1. They contain principally guaiacyl lignin, a product of 
coniferyl alcohol [55]. In more recent angiospermous woods, water is transported by 
vessels while tracheids perform structurally. Another evolutionary stage of water 
transport system in trees can be exemplified by European beech (Fagus sylvatica) 
and birch (Betula pendula). Their xylem includes vessels along with tracheids, the 
former being the only distinct location of guaiacyl lignin. Tracheids and parenchyma 
contain a fraction of syringyl lignin spread across the cell wall layers, making this 
secondary evolutionary wood structure attractive for white-rot fungi [14]. A third 
evolutionary stage can be illustrated by European oak (Quercus robur), for which 
the xylem is ring-porous, containing early and late wood vessels in bands within a 
thin-walled tracheid matrix. The strength of the wood comes from libriform fibres 
containing higher syringyl lignin, while tracheids have a higher guaiacyl content 
[56]. A late evolutionary stage is exemplified by sycamore (Acer pseudoplanatus) 
and ash (Fraxinus spp.), where syringyl dominates [57]. Here, vessels are dedicated 
to water transport, and are jacketed in living libriform fibres that are included 
amongst dead ones. Guaiacyl lignin has been reported to have a higher resistance 
to fungal decay [14], which has been corroborated by phylogenetic and experimental 
studies, showing that catalytic tryptophan presence in more recently evolved 
peroxidases (located in LiP and VP families) is more efficient at oxidising angio-
spermous woods, while others perform better in gymnospermous woods [58]. Early-
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Fig. 20.2 Principal 
structures of soft- and 
hardwood; reprinted [54]



stage parenchyma decomposition, and a resistance from libriform fibres to white-rot 
decay, has been confirmed experimentally [14].
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Fig. 20.3 Wood cell wall structure: middle lamella (ML), primary wall (P), secondary wall (S1, 
S2, S3); reprinted [59] 

The structure of the wood cell wall composing the xylem divides between the 
middle lamella (ML), primary wall (P) and three layers of secondary wall (S1, S2, 
S3). They are represented with their fibre orientation and indicative thicknesses in 
Fig. 20.3, reprinted [59]. The structuring middle lamella is composed of lignin, 
calcium and pectic compounds that are amorphous. Crystalline cellulose is most 
prominent in younger wood, so it dominates the S3, and is found in lowering 
percentages moving towards the P. Inversely, hemicellulose can be found to a 
greater extent in the P and in reducing shares towards the S3, while lignin is quite 
evenly spread across the cell wall, with higher concentrations in the ML. The 
distribution of lignocellulosic compounds in woods is presented in Table 20.3. 
Colonisation happens through pit apertures present in wood, or the inducing of 
boreholes by enzymatic activity. Although pectin contents are marginal in wood, 
pectinases expression is critical to decomposing the pit membrane (Fig. 20.3), which 
also contains cellulose and allows the fungus to proceed in colonising [61]. Calcium 
is associated with pectin in wood; Ca2+ can combine with fungal oxalic acid and 
result in pectic acid which solubilises pectin [52]. Calcium, potassium, phosphorus 
and magnesium are the major elements associated with plant fibre. The mineral 
content (ash) in softwood is 0.02–1 wt% and 0–5 wt% in hardwood [62]. We can 
note that large concentrations of calcium oxalate and residues of MnO2 accumulate 
during white-rot decay [50]. Moreover, wood can contain a variety of toxic
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compounds, mainly polyphenols or tannins in angiospermous trees and phenolic 
compounds in gymnosperms. Selective delignification-capable fungi can degrade 
polyphenols. Ganoderma spp. are able to degrade polyphenolic compounds and 
show chemotropic growth towards these [63]. Nitrogen availability is critical to 
fungi for enzyme synthesis; the limited amounts in wood makes it resilient to decay 
(the C:N ratio of birch wood is typically of 55 and 401 in sycamore wood). This 
compound is mostly found in parenchyma and is known to migrate towards the bark 
surface during log desiccation [64]. Moreover, wood cell walls specialise depending 
on local plant mechanical stress and taxonomic order (Fig. 20.4, reprinted [65]), 
which may lead to a more specific consideration of lignocellulosic substrates to 
establish cultivation protocols. 
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Table 20.3 Approximated lignin distribution in the different layers of the wood cell wall; adapted 
[60] 

Wood type 
Cell 
type Layer 

Share of total lignin 
content (%) 

Lignin 
concentration (%) 

Gymnospermous 
early wood 

Tracheid S1–S3 65 24 

ML, P 21 49 

Cell 
corners 

14 64 

Gymnospermous late 
wood 

Tracheid S1–S3 75 22 

ML, P 14 51 

Cell 
corners 

11 78 

Angiospermous 
wood 

Fibre S1–S2 60 19 

Fibre ML, P 9 40 

Fibre Cell 
corners 

Vessel S1–S3 9 25 

Vessel ML, P 2 40 

Ray 
cells 

S1–S3 11 25 

The wide distribution of wood-decaying fungi suggests, with increasing evi-
dence, that local environmental factors and substrate specifics drive and regulate 
colony extent between the various fungal species present. Furthermore, the pH of 
wood is most often in the 4.0–5.5 range (beech: 5.11, birch: 5.29, for instance) 
[66]. It has been demonstrated that substrate pH is also influenced by the action of 
decay [46]. It has been reported, by comparative transcriptonics, that white-rot 
related genes of a Phanerochaete carnosa species would all express in fir  (Abies 
balsamea), pine (Pinus contorta), spruce (Picea glauca) and maple (Acer 
saccharum), but to a varied extent. For instance, MnP genes read was 2.42 times 
higher in fir compared to maple, but LiP-related genes read was 4.7-fold higher in



maple [67]. This indicates both the resilience of species to the use of a variety of 
vernacular substrates, but also a precariousness considering the sheer distribution of 
competitors of an individual species. This can lead to fungi chemically wrestling for 
resource [68]. Ganoderma spp. have been recognised as having the competi-
tive advantage of being able to degrade reaction zones in trees [63]. Studies of 
lignicolous fungal ecological distribution point to water content and temperature 
variations being the principal drivers of selection [69]. Climate change has then been 
related to shifts in fungal niches across hosts [70]. In the wild, host tree species and 
their evolutionary stage can have an influence on patterns of decay; the tree group 
that has the most diffuse xylem vessel system may result in a slower initial
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Fig. 20.4 Structure of arboreal plants; reprinted [65]. Microscopic tissues from left to right: adult 
spruce wood (bar: 50 μm), spruce compression wood (bar: 20 μm), juvenile spruce wood (bar: 
50 μm), poplar tension wood (bar: 50 μm), adult oak wood (bar: 200 μm) and vascular bundle of 
bamboo (bar: 200 μm). Last row showing schematics of cell wall structures. Light grey indicates the 
compound middle lamella (0.5–1.5 μm) and primary cell wall (approximately 0.1 μm); yellow: S1 
layer with a thickness of 0.1–0.35 μm; orange: S2 layer as 1–10 μm thick; inner light grey layer 
shows the 0.5–1.1 μm thin S3 layer; the green G-layer in tension wood fibres can fill the whole 
lumen and the cellulose fibrils are oriented along the longitudinal cell axis



colonisation. Similarly, gymnospermous wood having 3–4 mm long tracheids 
benefits from a cellular compartmentalisation strategy to reduce fungal decay, 
despite its guaiacyl lignin content. These topological effects are prominent at the 
early stage of fungal colonisation [64].
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20.4 Water in Fungal Decay 

The presence of capillary water in the substrate is a prerequisite to allow extracellular 
transport of metabolites in fungi, and to establish osmotic potential for allowing 
turgor pressure and subsequent hyphal growth. Turgor also enables fungi to pene-
trate solid substrates [71]. It has been reported that the radial growth of white-rot 
species Physisporinus vitreus at pH 5 and 25 °C increased from just below 0.5 
mm/day at aw = 0.97 to 4.5 mm/day at aw = 0.998 [72]. The production of enzymes 
by fungi and their catalytic activity has been related to water activity with varying 
local optima depending on the depressor that was used in the study, pointing to aw ≥ 
0.99 for optimal catalytic activity here [73]. 

SSF requiring the absence of solution in between particles for a mycelium to 
develop, the substrate water holding capacity is an important parameter for ensuring 
an optimal fungal decay and growth [11, 73, 74]. In timber, moisture can exist as 
bound water within cell walls below the fibre saturation point (FSP), free liquid 
water in cell cavities above FSP and water vapour. Relative humidity (RH) of up to 
97–98% is generally considered to correspond to cell wall uptake (hygroscopic 
range), and as RH moves towards saturation, wood cell void uptake tends to become 
more significant in the moisture distribution (over-hygroscopic range) [75]. The 
latter is conventionally considered as an optimal range for optimal fungal growth in 
lignocellulosic SSF. The validity of this convention is nonetheless discussed as it 
was shown that T. versicolor would colonise European beech wood at a minimum 
moisture content (MC) of 15% for a mass loss over 2% (equivalent to 75–80% RH at
-1–37 °C); [76]. Brown-rot fungi grow at 92–97% RH, and that instrumental 
limitations are encountered in the over-hygroscopic range, thus complicating 
measures and experimental control [75]. For instance, the FSP of European beech 
wood has previously been determined to be 24.02% MC at 97% RH and 20 °C 
[77]. The minimum moisture threshold has been introduced as the metrics having the 
most significant impact on predicting fungal growth [11, 78]. It represents the MC 
below which fungal decay cannot be initiated, and is typically given at an mass loss 
2%. 

Available hydroxyl groups are the predominant sorption sites for water molecules 
in wood. Their presence in hemicellulose is twice as high as in lignin and four times 
higher than that of cellulose [79]. It has been reported that cellulose can endure 
structural changes while wood is desiccated [80, 81]. In the literature, it was 
hypothesised that lower desiccation rates would give enough time for amorphous 
cellulose to crystallise, rendering the substrate less hydrophilic. On the contrary, 
higher rates of desiccation may lead to more prominent amorphous cellulose and 
more hydroxyl availability. Lignin, hemicellulose and pectin interrupt cellulose



crystallisation, which reflects on the higher crystalline content towards the S3 cell 
wall layer [82]. Because hemicellulose has a softening point at room temperature and 
18–20% MC [74], while lignin softens above 60 °C at a minimum of 15% MC [83], 
and cellulose is hardly softened in its crystalline conzuration (200 °C), higher 
thermal treatments may result in hemicellulose degradation, thus rendering the 
substrate less hydrophilic [84]. 
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Finally, the amount and quality of water in the SSF system varies during 
fermentation. Fungal oxidative decay of polysaccharides frees water along with 
CO2: 

C6H10O5ð Þn þ 6n O2ð Þ= 6n CO2ð Þ þ  5n H2Oð Þ ð20:1Þ 
where C6H10O5 is the repeating unit of glucose-based polymers, such as found in 

starch or cellulose. As bound water is also released during decay, and while substrate 
dry mass loss occurs, the MC increases if the system is closed. The activity and 
location of water in SSF systems are are then necessary information to predict fungal 
development. They are of primary interest to design and produce MBC. To the best 
of our knowledge, the role of water in MBC production has not yet been reported. 
The optimal moisture content for laccase, LiP and MnP activation is consistently 
reported to be 60–75% [85–88]. 

20.5 Regulating Enzymatic Activities 

MBC protocols can be adjusted based on the chemical profile of locally available 
wood resources and selected fungal species to achieve various design goals. This an 
be approached by pH and temperature regulation, and monosaccharide, nitrogen and 
metal ion supplementation. Optimal ligninase activity was reported at pH 4.0–5.0 
and 30–35 °C  [85, 86]. The pH regulation can be achieved by the addition of CaCO3 

in the substrate as a buffering agent to avoid acidification from CO2 production. 
Gypsum supplementation has been reported in MBC cultivation [89]. While its use 
has no impact on the substrate pH, it contributes to adding calcium to the medium. 
This is useful for pectate lyase activity if the wood has a low Ca2+ content, which 
acts on the 1–4% share of pectin in wood. Varying the C:N ratio has also been shown 
to lead to an optimum of 20:1 [85]. The form of the C- and N-rich additives has been 
reported to have an impact on specific enzyme activation. Maltose and urea addition 
was reported to increase LiP and MnP production in a T. versicolor species, while 
glucose and yeast resulted in increased laccase production [87]. A similar investiga-
tion with a G. lucidum reported that the use of beef extract increased LiP production 
by approximately 30% as compared to using yeast extract, peptone or urea, and 
sucrose had a significant effect on ligninase activity as per other sugar types 
[85]. Wheat bran is a frequently used substrate additive in SSF. It contains high 
contents of β-glucans, xylan, cellulose, lignin, B vitamins and mostly minerals 
(magnesium, phosphorus, manganese, zinc and iron) [90]. The success of this 
supplement [91] may be related to its mineral contents, especially manganese as it



is a limiting compound for MnP and VP activity [92]. Supplementation of substrates 
by MnSO4 has therefore been shown to result in an increase in ligninase activity in 
S. commune [86] – most probably by synergistic action of enzymes. Biofuel produc-
tion aims at efficient extraction of sugars from wood. Selective delignification 
capable fungi have been extensively investigated in this context. The addition of 
phenols has been reported to be considerably promoting ligninase activity 
[93]. Syringic acid has been shown to increase LiP and laccase activity, and gallic 
acid for MnP in the same study. With an optimised substrate, the authors reported 
increase of 2.4 to 45.5-fold across the diverse ligninase activities, leading to a 2.3-
flod improvement in lignin decay and 7.1 in selectivity value (selectivity is expressed 
as the ratio of lignin degradation over cellulose and hemicellulose degradation) 
[94]. The idea of highly selectively degrading lignocellulosic substrates is a very 
promising track for MBC research. The addition of H2O2 to the substrate, necessary 
for ligninase activity, has also been investigated with significant results 
[95, 96]. CuSO4 supplements have been shown to increase laccase activity 
[93]. The use of surfactants such as Tween-80 has been reported to increase ligninase 
permeation through the cell wall [97], and enhance the solubilisation of lignin and 
improve hydrolytic activities [98], and even proved useful more recently in promot-
ing all ligninase activity, at a 4 wt% optimum for G. lucidum fermentation [88]. With 
an approximate 80% content of starch, 12% proteins, 3% of other monosaccharides 
(arabinose, xylose, galactose, glucose) and traces of ash (minerals) [99], white and 
whole wheat flour constitute useful additives to promote cellulase and hemicellulase 
activities. Moreover, the use of spent coffee ground is a widespread decay promoter 
in MBC craft. It is composed of 39% hemicellulose (predominantly mannose and 
galactose), 24% lignin, 17% proteins, 2% fat and 1.3% ashes. Although it has a high 
lignin content, coffee grounds contribute to increasing nitrogen and mineral content 
in the substrate, additionally to glucose polymers. Coffee silverskin, a by-product of 
the roasting industry, has a quite different chemical profile: 24% cellulose, 29% 
lignin, 19% proteins, 17% hemicellulose (primarily xylose) and a remarkable 5% 
ashes [100]. Phenolic compounds present in both substrates have been investigated 
for their antifungal abilities against white-rot fungi. Using a T. versicolor species, it 
was reported that the supplementation of 3% coffee silverskin extract resulted in 
about 65% growth inhibition, while 1% caffeine led to a complete inhibition and 1% 
spent coffee ground in about 20% inhibition [101]. This is related to the introduction 
of phenolic antioxidants such as caffeine, caffeoylquinic acid lactone and 
feruoylquinic acid [102–104]. Furthermore, laccase treatment of lignocellulosic 
substrates has been shown to increase lignin antioxidant activity [105]. Finally, the 
addition of phosphorus and calcium in the form of superphosphate (CaH6O8P

2+ ) has 
proved to increase decay yield. Varying the supplementation from 0.025 wt% to a 
0.3 wt% optimum in wheat straw, lignin degradation increased by a 4.5-fold, while 
cellulose, hemicellulose and protein degradation increased by a factor of about 2.4, 
while enduring P. ostreatus decay [106]. A higher optimum of 0.5 wt% superphos-
phate addition has been reported for alkaliphilic white-rot Coprinus spp. [107], and 
even 1.0 wt% with T. versicolor [108].
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20.6 Mycelium Mechanical Properties 

Mycelium acts as a binder between wood particles. It does so by degrading ligno-
cellulosic compounds and producing a dense hyphal network that interlocks dis-
persed particles. The binding between two particles is not distinctly strong, but the 
very high redundancy in the composite can result in a mechanically valuable 
material. It has been reported that a P. ostreatus mycelium would be more than 
two times stiffer than a G. lucidum one when both cultivated on a cellulose medium 
[109]. Authors comment on this difference with regard to the higher protein and lipid 
content in G. lucidum that can act as a plasticiser. Furthermore, in this study a set of 
experiments grown on a PDB-cellulose medium has been compared to the previ-
ously mentioned results, and it was found to decrease the Young’s modulus of the 
G. lucidum mycelium film by a factor of 3 while increasing its elongation at break by 
2.3-fold. This corroborates their previous comment on plasticisers, and suggests that 
nutrition medium tuning can help composite behaviour. This study suggests that the 
matrix phase of the composite can be made closer to an elastomer or stiffened by 
varying protein, lipid or alcohol contents. Similar findings have been reported 
[111]. Isolated mycelium mechanical behaviour has been investigated in order to 
model it [112]. This referenced study relies on the characterisation in tension and 
compression of a pure mycelium. At the resolution of hyphae, researchers have 
identified three main stages of response of a ligninolytic fungal mycelium: linear 
elastic behaviour at small strains (hyphae bending); fibre buckling and local struc-
tural collapse or densification at larger strains; rapid stiffening associated with full 
compaction and large number of inter-fibre contacts. To fit their finite-element 
analysis simulation model, a hyperelastic model was used in this study as mycelium 
undergoes large displacements in its elastic behaviour and results in a non-linear 
stress-strain response. Young’s moduli are situated in the 0.6–2.0 MPa range for a 
density in 30–50 kg/m3 , the yield stress in 40–80 kPa and ultimate tensile strength in 
100–300 kPa [110]. The results are presented in Table 20.4. 

Table 20.4 Tensile behaviour of mycelia from P. ostreatus (PO) [109], G. lucidum (GL) [109] and 
an undisclosed species (ND) [110] 

Tensile behaviour POa POb GLa GLb NDc 

Young’s modulus (MPa) 28 17 12 4 0.6–2.0 

Ultimate strength (MPa) 0.7 1.1 1.1 0.8 0.1–0.3 

Elongation at break (%) 4 9 14 33 – 
a Cellulose medium. 
b Cellulose and PDB medium. 
c Undisclosed medium.
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20.7 Substrate Mechanical Properties 

Most commercially valuable woods have a Young’s modulus of 5.5–15.7 GPa at 
12% MC, and 4.4–12.3 GPa when freshly cut (green) [113]. The distribution of these 
performances is similar in gymnospermous and angiospermous woods. Wood 
particles are therefore important load-carrying members of the composite system 
as compared to mycelia elasticity discussed previously, and reduce the magnitude of 
stress experienced by the mycelial matrix. The angular shapes of wood debris 
contribute to crack initiation and the dewetting behaviour of the larger particles is 
a principal contributor to damage nucleation in such a two-phase particulate com-
posite, although they contribute to composite stiffening by matrix shielding. Fur-
thermore, the shape, nature and distribution of particles in two-phase particulate 
composites has been shown to have a substantial influence over the load transfer 
between members, and hence their overall stiffness [114]. Moreover, while lignin is 
a primary contributor of strength parallel to grain, hemicellulose supports compres-
sion strength perpendicular to grain. Its decay greatly affects the structural integrity 
of wood and its hardness [115]. 

In particle studies of granular materials, shape parameters such as flakiness/ 
flatness (ratio of particle thickness to width), elongation (length-to-width ratio), 
sphericity (deviation from a sphere geometry) and roundness/angularity (measure 
of angular sharpness) have been investigated [116]. Without matrix phase (the 
stiffest reported pure mycelium of a P. ostreatus strain in 20.6 had a Young’s 
modulus of 28 MPa, 178–534 times more elastic than woods), studies have reported 
that a 3:1 ratio of flaky to bulky particle content would be an approximate optimal for 
shear strength (depending on the system of study). This was related to cohesion 
increase under stress due to particle interlocking. Furthermore, it was reported that a 
higher particle angularity leads to a decrease in elastic modulus, while ultimate 
strength increases. The shear strength was reported to follow the same dynamic, 
increasing with particle angularity. Increasing flakiness and angularity leads to 
increased cohesion and subjection to higher abrasion. This leads to damage accumu-
lation under repeated loads, thus leading to strain accumulation [116]. 

While wood particles are of common use in MBC, other more elastic substrates 
have been used such as nonwoven cotton fibres [117]. A few studies have 
investigated the addition of non-organic aggregates to a lignocellulosic substrate to 
improve its stiffness, such as with carbonate sand [118] (which also acts as a pH 
buffer being mainly composed of CaCO3) and sand and gravel [9]. It was reported 
that supplementation of a cotton and wheat bran medium with 37.5 wt% carbonate 
sand resulted in a 1.6-fold stiffening, and a factor 4 increase in ultimate compressive 
strength, while density increased by 27%.



622 A. Rigobello and P. Ayres

20.8 Composite Mechanical Properties 

The large number of influential variables on MBC mechanical properties leads to the 
emergence of a variety of methods for tuning them. While common practice leads to 
an elastic modulus of an approximate maximum of 2 MPa, post-cultivation heat-
pressing has been reported to lead to moduli in the range of 35–97 MPa, and flexural 
moduli in the range of 34–80 MPa [117]. The use of particle-additive strategies, 
additionally to a wheat bran supplemented medium made of cotton stalk, has proven 
to have a significant effect: an elastic modulus of 48.5 MPa was reported with 37.5% 
carbonate sand addition with P. ostreatus, while a non-supplemented control in this 
study reached 30.3 MPa [118]. A second study reported an elastic modulus situated 
in the 39–60 MPa range for a density in 240–265 kg/m3 [7]. Authors of the latter are 
elusive about production details, but nonetheless indicate the use of Alaska birch 
shavings (Betula neoalaskana), millet grain, wheat bran, calcium sulphate and the 
addition of a natural fibre. The specifics of the performative batch are not disclosed, 
but a pre-colonisation was performed prior to moulding. The performance 
increase does not come from a single factor considering the experimental plan. 
The considerable use of fibres (of undisclosed quality), grains, brans and CaSO4 

leads us to understand this as a hybrid improvement using both substrate-based 
reinforcement with the fibres and additives. Other strategies have been investigated, 
such as with the introduction of SBR Latex, a bonding agent for the construction 
industry. With a 5% addition of SBR Latex and 0.5% silane coupling agent to a 
cotton seed hull medium, the cultivation of a P. ostreatus species displayed a 2.39 
factor increase in ultimate strength with a 27.6% density increase [119]. The 
resulting environmental impact has not been discussed in the study. The addition 
of another material with high environmental impact [120], cellulose nanofibrils 
(CNF), has been reported [121]. Between two specimen groups, the optimal supple-
mentation of CNF was reportedly 2.5–5 wt%, with a contribution in Young’s 
modulus of a factor 2.56–5.6 and 2.8–7 in ultimate strength. In this study, the effect 
of densification on composites embedding a 2.5 wt% CNF part was reported: 
densifying from 300 to 600 kg/m3 contributed to increase the yield strength expo-
nentially to a factor 17, while the stiffness increased 14.38-fold. 

An extensive study of the properties in tension of densified MBC reported that 
elastic moduli situated in a range of 3.0–13.0 MPa; these values resulting in 24 days 
cultivated T. versicolor mycelia on wheat bran supplemented beech sawdust 
[117]. For this specimen group, a flexural modulus of 9.0 MPa was reported. The 
state-of-the-art in MBC research largely considers monolithic and homogeneous 
composites, besides a few study groups investigating jute type materials in sandwich 
composite reinforcement and composition with wood panels [45, 122–124]. 

Across the state-of-the-art, we can identify three main research strategies: densi-
fication (by composite packing, cold- or hot-pressing), composition (by introducing 
structuring elements such as fibres and aggregates) and supplementation (by chemi-
cal tuning of the substrate). These are substrate-focused strategies, targeting myce-
lium properties tuning in the case of supplementation, while the very choice of the 
fungal species can also result in radically different cultivation lead time and



mechanical properties. Genetic modification of fungi could promote specific enzy-
matic activity or modify the composition of its cell wall to help improve perfor-
mance. However, the investment cost and ethics of this practice may lead to 
prioritising more energy-efficient and affordable techniques. 
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20.9 Analysis of the State-of-the-Art 

So as to analyse the effect of strategies in the MBC state-of-the-art and to present a 
comprehensive mechanical review for it, we collected reports of elastic moduli and 
ultimate strength in compression, tension and flexion, along with principal substrate 
information, species and density [7, 45, 117, 118, 121, 122, 124–135]. There are 
105 data points gathered from 18 journal and conference articles. These include 
articles reporting on all or some of these metrics: strength and/or stiffness in 
compression, tension and/or flexion; 19 data points had no density reported. In the 
following data visualisations (Figs. 20.5, 20.6, 20.7, 20.8, and 20.9), only the reports 
with sufficient data are rendered. 

The distribution of species to substrates reports is heterogeneous. For instance, 
we can observe in Fig. 20.5 that no peer-reviewed report has been made of hemp 
cultivated G. lucidum as per mechanical behaviour. This figure does not consider all 
substrates and supplements included in MBC, only the primary one. 

We present the specific moduli and strengths as per substrates in Fig. 20.6, and 
specific moduli and strengths as per species in Fig. 20.7. Larger marker size indicates

Fig. 20.5 Reports of principal substrates and species. GL: Ganoderma lucidum, ND: 
undisclosed, PO: Pleurotus ostreatus, IL: Irpex lacteus, TM: Trametes multicolor, TV: Trametes 
versicolor, PS: Pycnoporus sanguineus, PA: Pleurotus albidus, LV: Lentinus velutinus



a composition strategy. We classified MBC having structuring fibres, textiles, 
inorganic particles, CNF and long fibre balls. Only a few reports on MBC tension 
modulus (14 data points) and strength (15 data points) have been published. From 
biochemical review presented above, we can be surprised by the mechanical
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Fig. 20.6 Specific strength and stiffness per substrate. Larger markers correspond to composition 
strategies 

Fig. 20.7 Specific strength and stiffness per species. Larger markers correspond to composition 
strategies



competitiveness of softwood in Fig. 20.6. It should be noted that these specific 
reports are of CNF-embedding MBC, thus supplementing softwood with cellulose 
that is accessible to the fungus without a lignin barrier, having been pressed at an 
undisclosed pressure at 180 °C for 15 min [121]. Densification of lignocellulosic 
particles by hot pressing may result in an increased mechanical interlocking of the 
particles, along with chemical binding from solubilised compounds [83]. Further-
more, in Fig. 20.7, we can identify the undisclosed species in use to be the most
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Fig. 20.8 Specific strength as a function of specific stiffness. Larger markers correspond to 
composition strategies 

Fig. 20.9 Elastic modulus as a function of density. Larger markers correspond to composition 
strategies



performative with regards to specific stiffness and specific strength. In Fig. 20.8, we  
present the specific strength as a function of specific stiffness in compression, 
tension and flexion. We can notice in this figure a departure from the state-of-the-
art of a specific study in compression [124]. The specimens of the latter were 
embedding a surface-binding fabric and packed cotton-ginning waste and hemp 
pith of undisclosed qualities. The reported specimen densities are of 100–140 
kg/m3 . Without further details on the cultivation method, and with the tests having 
been conducted with only 3–4 replicates, we can hardly conclude on the causes 
having led to these outstanding values. With critical methodological details being 
undisclosed, this study is irreproducible and, as such, serves solely as advertisement 
material.
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We present an Ashby map of state-of-the-art MBC data for elastic modulus as a 
function of density in Fig. 20.9. We can notice that MBC represent a large functional 
area, mostly situating in between foam and elastomer materials, with reports 
extending the group span to performances typical of natural materials – the upper-
right cluster of flexural modulus reports values typically stiffer than cork and leather. 
Punctual reports of tensile modulus in the upper-right MBC area would be of a 
similar stiffness than polyethylene (PE) or PE polymers. The span of the MBC area 
reflects the three development strategies: densification leads to clear tendency 
towards increasing the stiffness and strength of MBC for construction materials; 
supplementation is less distinct at the moment in the reports, but the three data points 
in the upper-left MBC area are representative of its effect as shown in Fig. 20.8; 
composition strategies are distributed across the MBC area and reflect a wide variety 
of inserts and resulting mechanical behaviour. Composition has been demonstrated 
to lead to significant effect on MBC behaviour in failure control or stiffening for 
instance [45]. 

20.10 Conclusions 

This review focuses on three aspects: fungal identity (fungal species enzyme array), 
nutrients (substrate chemical profile and wetting characteristics) and substrate archi-
tecture (substrate aggregate characteristics, density and composition). From the 
enzyme review, we have come to understand that the substrate fitness and mechani-
cal behaviour of mycelia can be adjusted by supplementation. This can be achieved 
by pH and temperature regulation, and monosaccharide, nitrogen, metal ion and 
CaCO3 supplements could be systematically investigated in the future as per initial 
substrate pH and its variation during fermentation. Lignocellulosic substrate selec-
tion can also have a significant effect, with non-supplemented softwoods being 
chemically unfit for optimal white-rot decay. The use of sycamore or ash wood 
could be investigated in the future as they display higher syringyl monomer contents. 
The C:N content of sycamore being 401, supplementation may be necessary for 
optimal fermentation. Furthermore, incubation temperature is commonly fixed 
throughout the fermentation process below 30 °C, which promotes specific enzy-
matic activities (LiP, MnP, DyP, xylanase, pectate lyase, GH1 β-glucosidase and



GH3 β-glucosidase). While investigating exothermic heat generation and dynamic 
temperature control related to species, genome distribution may lead to both a 
widening and deepening of the available material qualities and versatility. 
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The effect of water activity upon MBC colonisation-related performances, such 
as mechanical response, has not yet been reported in the state-of-the-art. Considering 
reports in SSF studies of several fold increase in colonisation rates, investigating the 
effect of water activity in MBC may result in longer production times and perfor-
mance. Moreover, qualifying the effect of hydroxyl group availability in hemicellu-
lose and cellulose, depending on wood processing history, could lead to further 
medium optimisation. We expect this particular aspect to be specifically useful for 
paste-like substrate design, such as that found in mycelium-related 3D printing. 

Of course, stimulating the focus of future research towards such specific aspects 
may result in a higher entry barrier for a technique that has a strong interest for its 
affordability. The use of Fourier transform IR or other spectrometric process by 
experts within a network of amateur practitioners could be useful to adapt cultivation 
strategies constructively to local contexts; the qualification of an available substrate 
may lead to specifying necessary processing, supplementation, species selection 
and/or relevant composition strategies. While industrial and academic research 
may result in defining a panel of protocols for the selection of prospective materials, 
situated citizen craft practices based on locally available materials could coexist. 

Across the MBC state-of-the-art, we have identified three principal substrate-
oriented design strategies: densification, supplementation and composition. The 
latter covers a variety of strategies, from CNF introduction to uniaxial reinforcement. 
These will need to be further investigated to allow an in-depth understanding and 
serving a goal-oriented material development. It is important to note that most 
experimental methods are heterogeneous, may not be statistically significant or 
only partially disclosed. A structured approach to developing material designs 
along with assessing them will most likely result in the concentration of the state-
of-the-art around functional poles in the future, and will help to drive material 
development in depth. Additionally, future reproducibility studies and critical meth-
odological reviews of MBC studies may both improve the overall market readiness 
and public adoption of MBC solutions. This can further valorise the wealth of 
material, design and semiotic properties that the versatility and affordability of 
MBC systems support. 

In this chapter, we have identified the principles driving MBC design and 
engineering, and have attempted to make these comprehensible. Beyond this focus 
on the design and production, MBC engage broader discourses related to resource 
sourcing, circular economy and sustainability. Because MBC have a higher vernac-
ular potential [136], they can be made of recycled substrate, or materials locally and 
seasonally available. MBC also benefit from unique aesthetics as a result of the 
phylogenic expression of fungi through craft and substrate design [137]. We hope 
that the on-going uncovering of the principles for predicting MBC performance 
contributes to an engineering practice that may satisfy industrial needs (which 
detrimentally often actualises in patents [138]), but also fosters a rich, open, sustain-
able and creative citizen craft.
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Abstract 

In the light of environmental impact caused by conventional insulation materials, 
there is an increased interest in the scientific community to develop new 
insulating materials from renewable sources. Mycelium-based biocomposites 
have been found to be promising for sustainable packaging, acoustic and thermal 
insulation, fashion and architecture. Mycelium-based biocomposite insulation 
materials contribute to reduce the environmental footprint of buildings. These 
composites have a significant advantage in terms of thermal conductivity and fire 
safety over traditional synthetic insulation materials. This chapter starts with a 
review of the scientific literature on the mycelium-based biocomposites, which 
have been used for various applications. In addition, the main information as 
regards to manufacturing an eco-friendly insulation material using Miscanthus 
giganteus and fungal mycelium is discussed. Two fungi (Ganoderma resinaceum 
and Pleurotus ostreatus) were used to produce biocomposites. In order to find the 
most suitable mixture as building insulation material as regards to density and 
thermal conductivity, mixing different proportions of Miscanthus and mycelium 
were used. The results are promising to make a sustainable insulation material 
based on fungal mycelium and Miscanthus fibres. 

Keywords 

Mycelium · Miscanthus · Biocomposites · Thermal insulation · Thermal 
conductivity · Fire safety 

L. B. Jayasinghe · P. Pereira Dias · D. Waldmann (✉) 
Faculty of Science, Technology and Medicine (FSTM), University of Luxembourg, Esch-sur-
Alzette, Luxembourg 
e-mail: daniele.waldmann@uni.lu 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
T. Satyanarayana, S. K. Deshmukh (eds.), Fungi and Fungal Products in Human 
Welfare and Biotechnology, https://doi.org/10.1007/978-981-19-8853-0_21

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-8853-0_21&domain=pdf
mailto:daniele.waldmann@uni.lu
https://doi.org/10.1007/978-981-19-8853-0_21#DOI


638 L. B. Jayasinghe et al.

21.1 Introduction 

The building industry is moving towards new approaches not only to protect the 
environment by reducing the overall footprint of buildings but also to improve the 
thermal performance of the building envelope by reducing the embodied energy of 
the materials. Thermal insulation materials are generally used in the construction 
industry to ensure adequate performance and to allow significant energy savings. 
Most of these materials are made from synthetic compounds, such as expanded 
polystyrene and polyurethane, which are far less sustainable than bio-based 
materials. In light of the environmental impact caused by manufacturing synthetic 
materials, intensive research efforts are being made to develop sustainable new 
eco-friendly biomaterials with a wide variety of properties to replace the traditional 
building insulation materials that exhibit high-embodied energy [1]. 

The use of agricultural crop residues as raw materials for innovative bio-based 
building insulation products had been suggested as sustainable alternative for tradi-
tional synthetic materials [2]. Insulation materials from natural materials and agri-
cultural crop wastes, such as cork, hemp, flax, rice husk and kenaf, have been shown 
to be competitive hygrothermal performance and lower cost as compared to com-
mercially available synthetic insulation materials [3, 4]. One of the important 
features of this kind of materials is their biodegradability. 

Several researchers have evaluated the thermal performance of insulation 
materials based on crop by-products. Xu et al. [5] reported the value of thermal 
conductivity of 0.04–0.065 W m-1 K-1 in kenaf binderless particleboards. Pinto 
et al. [6] showed that corncob panels have the potential to be used as a thermal 
insulation material, which has a thermal conductivity value of 0.139 W m-1 K-1 . 
Gaujena et al. [7] also studied insulation panels made from hemp fibres, and reported 
thermal conductivity ranging between 0.0544 and 0.0594 W m-1 K-1 . 

Recently, there is a considerable attention on the Miscanthus among agricultural 
by-products due to its porous structure and favourable properties [8]. The thermal 
conductivity of Miscanthus fibres is 0.04 W m-1 K-1 , which is equivalent to the 
thermal conductivity of traditional insulation materials available in the market [9]. In 
France, low-cost insulation particle board panels were manufactured using 
Miscanthus and Sunflower stalks, demonstrating their potential due to their low 
density and good thermal conductivity [10]. El Hage et al. [11] developed a novel 
thermal insulating biocomposite using Miscanthus and recycled textile fibres bonded 
with chitosan that has a thermal conductivity value between 0.069 and 0.09 W m-1 

K-1 . 
Being a cheap, effective and environment-friendly product, the use of mycelium 

has been recently found to produce biocomposites as new biodegradable materials 
[12, 13]. Mycelium-based composites yield low density with higher strength and 
lower embodied energy compared to synthetics composites [13]. Mycelium-based 
composite materials are made by growing fungal mycelium on plant-based 
substrates such as hemp, sawdust, straw and cotton; these are very promising 
biodegradable and non-toxic materials to replace traditional synthetic materials, 
due to their low environmental impact, energy consumption, density and cost, as 
well as their good insulating, acoustic and fire performance [12, 14–17].
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This chapter starts with a review of a variety of the fungi and feeding substrates 
used in manufacturing mycelium-based composites as well as their potential 
applications. The differences in growth rates of mycelia from two fungal strains 
(Ganoderma resinaceum and Pleurotus ostreatus) are also discussed. Discussion on 
the novel mycelium-based composites using Miscanthus fibres that could replace 
conventional insulation materials, such as expanded polystyrene and extruded poly-
styrene, is also presented. 

21.2 Mycelium and Its Products 

21.2.1 Mycelium 

Fungi play an important role as nutrient recycling in nature and it is estimated that 
there may exist 2.2–3.8 million fungal species around the world [18]. Mycelium is 
the vegetative lower part of fungi in the substratum. Fungi are considered as one of 
the largest groups of living organisms on earth [19] that grow on a nutrient substrate 
(Fig. 21.1a). 

Mycelium has a unique ability to form composite materials quickly and has many 
biological functions such as nutrition, growth and the maintaining of its host [20]. As 
mycelium grows on materials, such as biological and agricultural wastes, it 
penetrates its substratum containing nutrients by physical pressure and enzymic 
secretion to degrade the host materials while simultaneously binding them together 
[21]. Within right conditions, the fruiting bodies of basidiomycete fungi, generally 
known as mushrooms, can sprout from the mycelial network. Figure 21.1b shows 
how mycelium has a porous structure composed of a mass of branched network of 
tiny filaments called hyphae [22]. These hyphae which have diameters in the range 
of 1–30 μm and lengths ranging from a few microns to several meters [23] form a

Fig. 21.1 (a) Mycelium growth and (b) mycelium hyphae



three-dimensional network of hyphae by growing at their tips and by interconnecting 
randomly.
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Jiang et al. [24] explained that mycelium acts like a natural glue that spreads in 
every direction and binds firmly to natural materials with no added energy. Its 
growth rate depends on the type of fungus, temperature, humidity and nutrient 
medium [25]. High temperatures are important for the initial growth rate, but they 
do not grow at extreme temperatures [26]. For example, the fungal group of 
Basidiomycota does not grow above 40 °C [27]. In general, most species need 
temperature around 25 °C with high humidity [12]. 

According to Jones et al. [14], substrates are often enriched with carbon, nitrogen, 
oxygen, sulphur, phosphorous, potassium and magnesium in millimolar 
concentrations and hydrogen, calcium, copper, iron, manganese, zinc, nickel and 
molybdenum in micromolar concentrations, which provide the nutrition necessary 
for the mycelium to grow. For ideal mycelial growth, substrates high in sugars such 
as glucose, cellulose, lignin and starch are widely used [28]. The type and size of 
substrate particles have a significant effect on the properties of the mycelium. 
Various agricultural materials, such as rice hulls [15, 29], wheat straw [30, 31], 
hemp [27, 30, 32, 33], sawdust [31, 34, 35] and corn stover, [36, 37] have been used 
as substrates to provide nutrients for the growth and expansion of mycelium in order 
to produce mycelium-based composites. 

In a preliminary experiment by the authors, two fungal species of Ganoderma 
resinaceum and Pleurotus ostreatus were chosen to observe the difference in the 
growth of mycelium. Ganoderma belongs to the family of the macro-mushroom 
Ganodermataceae, which own more than 300 different species. These species can be 
found all over the world in different characteristics such as the shape and colour of 
the mushroom. The mycelium from the Ganoderma family develops better than 
other fungal species. Ganoderma resinaceum is a very active fungus in the medical 
sector [38]. Its mycelial growth rate increases with increase in temperature. How-
ever, the optimal growth rate is at 30 °C, whereas when the temperature exceeds 35 ° 
C, the mycelium growth is reduced significantly [38]. 

The other mushroom type is the Pleurotus, which belong to the family 
Pleurotaceae. Pleurotus ostreatus is also known as oyster mushroom, which includes 
one of the most widely edible mushrooms. They are distributed all over the world 
and are mostly found in forests where they are responsible for the decomposition of 
wood and plant residues. High humidity (relative humidity 98%) and warm room 
temperature (25–30 °C) provide an excellent environment for the growth of its 
mycelium [39]. 

Petri dishes inoculated with two fungal species were subsequently placed in an 
incubator at room temperature (around 20–22 °C) to allow the fungi to grow. The 
development of two fungi was analysed at 3, 5 and 11 days as shown in Fig. 21.2.  It  
can be seen that the mycelium grew after 3 days in the Petri dishes. It was observed 
that Pleurotus ostreatus develops in a more scattered way, while Ganoderma 
resinaceum develops in a wired way but much denser in such a way that it is difficult 
to distinguish the individual hyphae (Fig. 21.3). It was also observed that Pleurotus 
ostreatus is more likely to develop in-depth than Ganoderma resinaceum 
(Fig. 21.4).
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Ganoderma resinaceum Pleurotus ostreatus 

(a) 

(b) 

(c) 

Pleurotus ostreatusGanoderma resinaceum 

Ganoderma resinaceum Pleurotus ostreatus 

Fig. 21.2 Observations of the growth of mycelium at (a) 3 days (b) 5 days and (c) in 11 days
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Fig. 21.3 A closer view of the mycelium growth of two strains (a) Ganoderma resinaceum and (b) 
Pleurotus ostreatus at 3 days 

Fig. 21.4 A closer view of the mycelium growth of two strains (a) Ganoderma resinaceum and (b) 
Pleurotus ostreatus after 11 days 

21.2.2 Mycelial Composites 

Due to the high growth rates and sustainability of mycelium, several researchers 
explored to produce mycelium-based composites and evaluated their applicability in 
various industries, such as packaging [12, 16, 40], insulating panels [33, 41], papers 
[42, 43] and wearables [44, 45]. Table 21.1 summarizes previous reports on 
mycelium-based composites. 

Cerimi et al. [62] reported that so far 27 fungal species have been used for the 
development of mycelium-based materials. As reported in Table 21.1, Ganoderma 
lucidum and Pleurotus ostreatus species have been mostly used for the development 
of mycelium-based composites. Arifin and Yusuf [15] found that a composite made 
from mycelium can be used to replace polystyrene foam due to its biodegradability, 
renewability and lack of toxic components. However, the quality and properties of 
mycelium-based materials can be controlled by the characteristics of the substrate 
and the fungal species as well as the environmental conditions during growth and 
processing method [55]. Holt et al. [16] found that a mycelium composite based on 
Ganoderma species and cotton plant materials can be used as a substitute for 
polystyrene in the packaging industries.
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Table 21.1 Previous reports on mycelium-based composites in the literature 

Reference Fungal species Substrates Target applications 

Arfin and 
Yusuf [15] 

Not specified Rice husk and wheat 
grain 

Packaging 

Holt et al. 
[16] 

Ganoderma sp. Cotton carpel, 
cottonseed hull, starch 
and gypsum 

Packaging 

Pelletier 
et al. [33] 

Basidiomycetes Switchgrass, rice 
straw, sorghum fibre, 
flax shive, kenaf and 
hemp 

Acoustic insulation 

Travaglini 
et al. [46] 

Ganoderma lucidum Red oak wood chips 
and a nutrient solution 
(not specified) 

Packaging, insulation and 
sandwich panels 

He et al. 
[47] 

Pleurotus ostreatus Cottonseed hulls, 
carboxylated styrene– 
butadiene rubber latex, 
Silane coupling agent 

Not specified 

Lelivelt 
et al. [27] 

Trametes versicolor and 
Pleurotus ostreatus 

Wood chips, hemp 
curd, loose hemp fibre 
and non-woven, mats 
of hemp fibre 

Replace fossil-based 
plastics 

Mayoral 
Gonzalez 
and 
Gonzalez 
Diez [48] 

Lentinula edodes, 
Pleurotus ostreatus and 
Ganoderma lucidum 

Wood shavings, straw, 
corn stalk and rice 
husks 

Thermal insulating 
structures 

Ziegler 
et al. [40] 

Not specified Cotton ginning waste 
and hemp pith 

Packaging 

Jiang et al. 
[13] 

Not specified Natural materials (not 
specified) 

Sandwich structures 

López 
Nava et al. 
[49] 

Pleurotus ostreatus Crop residues 
(Triticum sp.) and 
edible films 
(carrageenan, chitosan 
and xanthan gum) 

Food packaging 

Jiang et al. 
[24] 

Not specified Kenaf and hemp Perform shell 

Yang et al. 
[41] 

Basidiomycete saprobes Alaska birch, millet 
grain, wheat bran, 
natural fibre and 
calcium sulphate 

Backfill material for 
geoengineering 
applications and 
insulation for building 
and infrastructure 

Pelletier 
et al. [50] 

Basidiomycetes Cotton burs, 
switchgrass, rice straw, 
sorghum stalks, kenaf 
and corn stalks 

Acoustic insulation 

Haneef 
et al. [17] 

Pleurotus ostreatus and 
Ganoderma lucidum 

Pure cellulose and 
cellulose–potato 
dextrose 

Mycelium films
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Table 21.1 (continued)

Reference Fungal species Substrates Target applications 

Dahmen 
[51] 

Not specified Sawdust or agricultural 
waste and nutrients 
(not specified) 

Furniture 

Attias 
et al. [52] 

Pleurotus ostreatus, 
Pleurotus 
salmoneostramines, 
Pleurotus pulmonarius 
and Aegerita agrocibe 

Wood chips of 
eucalyptus, oak, pine, 
apple and vine 

Design and architecture 

Campbell 
et al. [53] 

Pleurotus ostreatus Seeds (not specified) 
mixed with hydrogel 

Architectural assembly 
units 

Tudryn 
et al. [36] 

Basidiomycetes Corn stover particles 
and additives (calcium 
and carbohydrate) 

Composite biopolymer 

Jones et al. 
[54] 

Trametes versicolor Rice hulls, glass fines 
and wheat grains 

Insulation and 
construction materials 

Appels 
et al. [55] 

Pleurotus ostreatus and 
Trametes multicolor 

Rapeseed straw, beech 
sawdust and 
non-woven cotton 
fibres 

Product design 

Elsacker 
et al. [30] 

Trametes versicolor Hemp, flax, flax waste, 
softwood and straw 

Building materials 

Sun et al. 
[56] 

Not specified A mixture of spruce, 
pine and for particle– 
board particles 

Packaging and furniture 

Matos 
et al. [57] 

Lentinula edodes Coconut powder-based 
supplemented with 
wheat bran 

Packaging 

Attias 
et al. [58] 

Coriolus sp., Trametes 
sp. And Ganoderma sp. 

Woodchips (apple and 
vine) mixed flour and 
wheat straw 

Design and architecture 

Bruscato 
et al. [34] 

Pycnoporus sanguineus, 
Pleurotus albidus and 
Lentinus velutinus 

Wood sawdust (Pinus), 
wheat bran, agar and 
calcium carbonate 

Expanded polystyrene 
alternative 

Silverman 
et al. [44] 

Ganoderma lucidum, 
Pleurotus ostreatus, 
Pleurotus eryngii and 
Pleurotus citrinopileatus 

Fabric, sawdust spawn, 
flour, feathers and 
psyllium husk 

Footwear 

Zimele 
et al. [32] 

Trametes versicolor Hardwood chips and 
hemp shives 

Building materials 

Ridzqo 
et al. [59] 

Ganoderma lucidum Bamboo fibres Insulation and partition 
board 

Soh et al. 
[60] 

Ganoderma lucidum Bamboo fibres and 
chitosan 

Structures 

Modanloo 
et al. [35] 

Pleurotus ostreatus Shredded paper, wheat 
bran and guar gum 

Architecture 

Ding et al. 
[61] 

Pleurotus ostreatus Poplar sawdust and 
cottonseed hull 

Packaging
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Pelletier et al. [33] investigated novel eco-friendly mycelium acoustic insulation 
panels by growing the basidiomycete fungus on various agricultural by-products, 
such as switchgrass, rice straw, sorghum fibre, flax shive, hemp and kenaf, as an 
alternative to standard petroleum-based insulation boards. The worst-performing 
samples have an acoustic absorption rate of over 70–75% at 1000 Hz. It was also 
concluded that these panels can be applied as sound insulation of mezzanine 
structures and as an acoustically reflective material. Pelletier et al. [50] carried out 
a follow-up study on the previous acoustic insulation panel to create a high-density 
compressed board. 

He et al. [47] assessed the compressive strength of mycelial composite produced 
using Pleurotus ostreatus and cottonseed hulls and found that the compressive 
strength could be increased with the addition of styrene–butadiene rubber. 
Travaglini et al. [46] also assessed the compressive modulus and strength of 
Ganoderma lucidum mycelial composites grown on a red oak wood sawdust sub-
strate. Lelivelt et al. [27] evaluated the structural performance of biocomposites 
made from Trametes versicolor and Pleurotus ostreatus strains grown on different 
natural substrates. It was found that the combination of hemp mats and the strain 
Trametes versicolor allowed the densest growth of mycelium with a high strength 
and stiffness. Ziegler et al. [40] conducted a similar research to study the physical 
and mechanical properties of mycelium-based biocomposite made using cotton gin 
and hemp pith. López Nava et al. [49] developed a biocomposite using Pleurotus 
ostreatus using crop residues and edible films, such as carrageenan, chitosan and 
xanthan gum, with similar properties to the expanded polystyrene to be used for food 
packaging. Yang et al. [41] showed that a new bio-form developed using basidio-
mycete saprotrophic fungus containing better physical, thermal and mechanical 
characteristics than the conventional expanded polystyrene foam except density. 
Haneef et al. [17] used Ganoderma lucidum and Pleurotus ostreatus species grown 
on pure cellulose and cellulose–potato dextrose substrates to develop mycelium 
composites. It was found that the Pleurotus ostreatus mycelium on cellulose is 
stiffer than the Ganoderma lucidum mycelium, while the addition of dextrose to 
the cellulose-based substrate further enhanced the elasticity of materials 
manufactured by both fungal species. 

Attias et al. [52] used four fungal species, including Pleurotus ostreatus, 
Pleurotus salmoneostramines, Pleurotus pulmonarius and Aegerita agrocibe 
fungi, grown on varied agricultural wastes to evaluate the most suitable combination 
for future applications in design and architecture. The research showed that the 
Pleurotus ostreatus mycelium grown on vine or apple substrates was the most 
promising for producing mycelium-based composites. Matos et al. [57] explored 
methods of producing a biodegradable composite for packaging using edible mush-
room Lentinula edodes cultivated in coconut powder and wheat bran. Bruscato et al. 
[34] produced biofoams, which has compressive strength 60% greater than that of 
expanded polystyrene, using three types of white-rot fungi Pycnoporus sanguineus, 
Pleurotus albidus and Lentinus velutinus grown on a substrate made of Pinus 
sawdust and wheat bran.
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21.2.3 Mycelial Composites for Insulation Applications 

There is limited scholarly research on the use of mycelium-based biocomposites in 
thermal insulation applications for building envelopes. A few of these products exist 
in the marketplace. 

Cadena and Bula [63] used rice husks and yucca starch to manufacture 
biocomposite insulation boards, which have a thermal conductivity of 0.065 W 
m-1 K-1 and a density of 195 kg/m3 . Jones et al. [29] developed Trametes versicolor 
mycelium composite grown on rice hulls and assessed its thermal degradation and 
fire reaction properties with commercially available extruded polystyrene foam. It 
was found that the high silica content of rice hulls contributes to the better fire 
reaction properties of the biocomposite. Yang et al. [41] produced a mycelium-based 
biocomposite that has a thermal conductivity between 0.05 and 0.07 W m-1 K-1 and 
a density between 160 and 280 kg/m3 . The larger thermal conductivity can be 
attributed to the higher density of the material [30, 64, 65]. Xing et al. [66] used 
Oxypous latermarginatus, Megasporoporia minor and Ganoderma resinaceum 
species grown on wheat straw substrates in order to develop novel bio-based 
insulation materials. The thermal conductivity of these biocomposites varied 
between 0.078 and 0.081 W m-1 K-1 . 

Elsacker et al. [30] examined the thermal conductivity of mycelium composites 
with different types of fibres such as hemp, flax and straw combined with fungal 
mycelium of Trametes versicolor. These composites were reported to have thermal 
conductivities of 0.0404–0.0578 W m-1 K-1 . It was also found that these 
composites have an overall good insulation behaviour in all aspects compared to 
conventional insulation materials including rock wool, glass wool, kenaf and 
expanded polystyrene. 

Wimmers et al. [67] studied the novel use of mycelium of several wood-decaying 
Basidiomycetes grown on sawdust and wood shavings in thermal insulation 
applications for buildings. Wimmers et al. [67] obtained thermal conductivity values 
between 0.051 and 0.055 W m-1 K-1 for mycelium-based composites, which makes 
it a promising material for thermal insulation. Holt et al. [16] found thermal 
conductivity values between 0.10 and 0.18 W m-1 K-1 when Ganoderma species 
and cotton plant materials were used, while Schritt et al. [68] revealed thermal 
conductivities between 0.06 and 0.07 W m-1 K-1 when Ganoderma lucidum and 
beech sawdust were used. 

21.3 Past Experience in Producing Mycelium–Miscanthus 
Insulation 

The researchers at the University of Luxembourg have been conducting 
investigations on the development of novel building materials incorporating locally 
available crop by-products for the reduction of CO2 emissions, energy consumption 
and natural resource utilization in the building industry.
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Fig. 21.5 Grown Miscanthus giganteus [12] 

To this end, Pereira Dias and Waldmann [69] focused on producing lightweight 
concrete by substituting the traditional aggregates with Miscanthus due to its wide 
availability in Luxembourg. Miscanthus giganteus is a tall rhizomatous grass native 
to Eastern Asia (Fig. 21.5). It has about 40% of cellulose and 15% of lignin [70] and 
has high rigidity with low density [71]. Pereira Dias and Waldmann [69] found that 
the best theoretical mixture considering the compressive strength of the Miscanthus 
concrete would constitute 150 kg/m3 of Miscanthus and 592 kg/m3 of cement with 
0.8 of water/cement ratio. Then, Miscanthus concrete mixture was also used to 
manufacture masonry blocks [72]. Furthermore, Pereira Dias et al. [73] developed 
a machine learning tool to optimize the mix design of Miscanthus lightweight 
concrete according to the needs in compressive strength. 

Since the innovation of bio-based materials made from renewable resources 
would make the economy sustainable, the authors investigated the possibility of 
introducing a self-growing insulation material using the fungal mycelium with 
Miscanthus fibres that could replace conventional insulation materials. Considering 
the working environment, two fungal strains, Ganoderma resinaceum and Pleurotus 
ostreatus, were chosen to produce the test samples in this study (Fig. 21.6). The 
details of the procedure are presented by Pereira Dias et al. [74]. Here, only the main 
aspects are reported. 

21.3.1 Preparation of Insulation Panels 

The process to prepare mycelium-based biocomposite by the authors at the Labora-
tory of Solid Structures of the University of Luxembourg consisted of six different 
steps, which are schematically illustrated in Fig. 21.7.
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Fig. 21.6 Fruiting body of the (a) Ganoderma resinaceum [38] and (b) Pleurotus ostreatus 

21.3.1.1 Preparation of Substrate 
The manufacturing of the material began with preparing the substrate. In order to 
obtain the optimal mix proportions of each constituent to produce a lightweight 
biocomposite, several quantity ratios of the different raw materials were used. For 
each mixture, 150 g of dried and chopped Miscanthus fibres with an average density 
of 120 kg/m3 were used to prepare the substrate. To enrich the substrate and to 
stimulate the growth of mycelium, it was decided to add an additive (potato starch or 
used coffee grounds) mixed with 1.5 L of water in the mixture. The mixing 
procedure was carried out in a sterilized condition and the mixture was put into 
boiling water and pasteurized for 30 min to reduce the number of bacteria in the 
substrate. After the pasteurization, it is important to filter out the excess water and 
cool down the wet substrate before the inoculation stage, which involves the addition 
of active mycelium to the substrate. 

21.3.1.2 Mixing Mycelium with the Substrate 
The mycelium was kept at 4 °C and was removed from the refrigerator just before 
use, in order to prevent the destruction of the mycelium due to the heat. Once the 
substrate reached the desired temperature (about 30–35 °C), the fungus mycelium 
was added and mixed until a homogeneous mixture was obtained. 

21.3.1.3 Preparation of Test Samples 
Next, the mixture was transferred into moulds. In order to study the hygrothermal 
properties of the biocomposite, the prism moulds with the dimensions of 40 mm × 
40 mm × 160 mm and the rectangular wooden forms with dimensions of 500 mm × 
500 mm × 70 mm were used to manufacture the test samples. Before the mixture was 
put into the moulds, they were disinfected and covered with sterilized plastic wraps 
to avoid direct contact between the mixture and mould and to maintain a certain 
humidity level to help the growth of the fungi in the incubation stage, which is the 
stage that allows colonization of the substrate by mycelium.
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Fig. 21.7 Manufacturing procedure of test samples
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21.3.1.4 First Growth Phase 
The growth of the fungus does not need extra energy input, however, requires special 
conditions in terms of temperature and humidity. The mycelium can be grown in a 
mould to build different shapes and they grow quickly into a solid material. The 
growing phase of the fungus should take place under sterile conditions in order to 
counteract external organisms from harming the growth of the mycelium, under high 
humidity, darkness and room temperature. The incubation period for the test samples 
was considered into two growth phases. 

The first growth phase was limited to 7 days at room temperature (around 20–22 ° 
C). During this period, the samples were kept in a dark closed cabinet. 

21.3.1.5 Second Growth Phase 
After 7 days, the samples were taken out from the cabinet, demoulded and measured 
the dimensions and weights of the test samples. During the second growth phase, the 
samples were then put separately in sterilized bags. The bags were closed by leaving 
considerable space for better inner oxygenation and a humidity level to stimulate 
mycelium growth towards a denser network and obtain a better homogeneity on the 
surfaces. The samples were incubated in the same cabinet at room temperature only 
for 10 days to avoid the growth of fruiting bodies. 

21.3.1.6 Dry the Samples 
At the end of the second growth phase, once reaching the desired density and shape, 
the samples were measured and weighed again. Then, the material should be 
dehydrated at 80 °C, so that the fungus stops to grow further. The samples were 
measured and weighted repeatedly every hour. The drying process was stopped 
when the samples reached at least 35% of the initial weight, which could take up to 
24 hours. 

21.3.2 Density 

To get a better view of the weight and volume changes of the samples after each 
phase, the samples were compared to their densities, as shown in Fig. 21.8. The 
values shown are the average densities of the three prism samples made from each 
mixture. The first letter in each mixture represents the fungal specie used (G – 
Ganoderma resinaceum and P – Pleurotus ostreatus mushroom). The second letter, 
i.e. M, represents the Miscanthus fibres, while the third letter describes the additives 
used for the preparation of the substrate (S – potato starch and C – used coffee 
grounds). The number associated with each letter defines the ratio of corresponding 
material to the amount of Miscanthus. As described above, the mixing procedure 
was carried out under sterilized condition while preparing the samples. However, the 
last four samples were prepared under non-sterilized condition. Thus, in the mixtures 
notation, NS represents the non-sterilized condition.
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Fig. 21.8 Comparison of average densities of the mixtures after each phase 

The density of all composite samples ranged from 127.07 to 200.04 kg/m3 , with 
the highest density for the mixture of G0.2_M1_S0.1 and the lowest density for the 
mixture of G0.3_M1_C0.1. The average density obtained from samples made with 
potato starch is almost similar to that obtained with the coffee grounds. 

21.3.3 Visual Observations 

Test samples were visually analysed to observe the difference in the growth of 
mycelium on them. Based on visual analysis, it was seen that all the samples had a 
stable shape and enough growth of mycelium to hold the body together with a varied 
amount on the surfaces at the end of the incubation stage (Fig. 21.9). 

Moreover, there were no visible differences between the test samples made with 
potato starch and coffee grounds (i.e. G0.3_M1_S0.1 and G0.3_M1_C0.1, and 
G0.5_M1_S0.1 and G0.5_M1_C0.1), apart from the fact that during the growth of 
mycelium, a strong smell of coffee emanates from the samples made with coffee 
grounds.
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Fig. 21.9 Dried test samples 

Fig. 21.10 Damaged dried test samples made with Pleurotus ostreatus 

The test samples made with Pleurotus ostreatus (i.e. P0.3_M1_S0.1 and 
P0.5_M1_S0.1) at the end of the first and second growth phases confirm the 
observations made with the Petri dishes, which has been described in Sect. 2.1. 
These samples had a much more airy and wiry growth of mycelium than the samples 
made with Ganoderma resinaceum, making the final structure much less resistant. 
The test samples made with Pleurotus ostreatus were not chosen to study its because 
the test samples were falling apart while handling (Fig. 21.10).



21 Development of Building Insulation Material from Fungal Mycelium 653

21.3.4 Microstructural Characterization 

The microstructural formation of the mycelium in the composites was evaluated by 
performing scanning electron microscopy (SEM) analysis using a JSM-6010LA 
scanning electron microscope. 

SEM analysis was carried out only on selected samples. First, the cell wall 
structure of the raw samples of Miscanthus was observed. Figure 21.11 shows the 
fibrous network of Miscanthus. It indicates that the microstructure of Miscanthus is 
not isotropic and it is formed by numerous hollow tubes, which are all oriented in the 
same direction. 

Several SEM images showed the differences in microstructure between the 
mycelium and Miscanthus. Figure 21.12 shows the SEM images of the formation 
of mycelium around the Miscanthus fibres that were analysed on the test samples of 
G0.7_M1_S0.5. It can be seen that there was successful mycelium growth within the 
composite. The white mycelium hyphae could be clearly observable due to their 
distinct interconnected microstructure when bonded with Miscanthus fibres. These 
hyphae do not create a path through the Miscanthus but use what is already available 
to create a good cohesion between these two components. It can be seen that the 
mycelium grew within the composite and bonded with the Miscanthus fibres. 

Figure 21.13 shows the mycelium matrix from sample G0.3_M1_C0.1, while 
Fig. 21.14 shows the mycelium matrix from sample P0.3_M1_S0.1. Both 
Ganoderma and Pleurotus mycelia were interwoven with the larger Miscanthus 
pieces within the composite on feeding different elements. It means that both 
substrates (i.e. Miscanthus used with coffee grounds and Miscanthus with potato 
starch) provided adequate nutrition to allow the mycelium to grow. Based on SEM

Fig. 21.11 SEM image of Miscanthus fibre structure
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Fig. 21.12 SEM image of sample G0.7_M1_S0.5: (a) mycelium bound to Miscanthus and (b) 
closer view of the mycelium growth within the composite 

Fig. 21.13 SEM image of sample G0.3_M1_C0.1: (a) mycelium bound to Miscanthus and (b) 
closer view of the mycelium growth within the composite



analysis, the porous microstructural formation of the composite is expected to affect 
the mechanical and thermal properties of the composite.
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Fig. 21.14 SEM image of sample P0.3_M1_S0.1: (a) mycelium bonded with Miscanthus and (b) 
closer view of the mycelium growth within the composite 

21.3.5 Thermal Conductivity 

In order to study the insulation capacity of the mycelium-based composite, 
G0.3_M1_S0.1 mix was chosen to manufacture mycelium-based composite plates 
with the dimensions of 500 mm × 500 mm × 70 mm. The thermal conductivity tests 
were carried out using Taurus TLP800/900 machine on the composite plate 
according to ISO 8302/EN 1946-3. For the thermal conductivity tests, composite 
plates without a render and composite plates with two layers of render according to 
ETAG-004 [75] were used (Fig. 21.15). More details on the rendering of the plates 
and the testing procedure can be found in Pereira Dias et al. [74]. 

The thermal conductivity of the biomaterial was calculated as W m-1 K-1 (i.e. λ-
value) in a permanent state at the temperature difference of 10 K at the top and 
bottom faces. The variation of thermal conductivity with temperature was analysed 
for three different mean temperatures at 10, 20 and 30 °C (Fig. 21.16). The thermal 
conductivity values obtained for two plates without rendering, a single plate without 
rendering and two plates with rendering were 0.0882, 0.104 and 0.121 W m-1 K-1 , 
respectively. 

The average density of the samples was 122 kg/m3 . The thermal conductivity 
value obtained for the new biomaterial falls within the range of the conventional 
insulation materials, as can be seen in Fig. 21.17. Thus, the thermal conductivity



value obtained for the biocomposite is suitable for its application in building thermal 
insulation. Moreover, it has advantages over conventional insulation materials due to 
its lower production costs and environmental impacts. Moreover, it has the crucial 
advantage being able to grow into the desired form when guided by a formwork. 
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Fig. 21.15 Composite plates for thermal insulation test (a) without a render and (b) with two 
layers of render 
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Fig. 21.16 Thermal conductivity of the biocomposite 

21.3.6 Combustion Behaviour 

Small-scale fire tests were carried out for the evaluation of the combustion behaviour 
of the new mycelium-based biocomposite according to the standard EN 13501-2: 
2003 [80]. The fire test was started with a plate without render. It took 40 min before 
it caught fire. Figure 21.18 shows the temperature recorded at two points on the plate 
during the fire test. The dashed line corresponds to the temperatures measured at the
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Fig. 21.17 Comparison of the thermal conductivity of the biocomposite with conventional 
insulation materials. Sources [76–79] 
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Fig. 21.18 (a) Measurement points P1 and P2, (b) captured temperature at P1 and P2 and (c) 
variation of temperature at P1 and P2 [74]



cotton wool (P1), while the solid line corresponds to the temperature measured on 
top of the plate just close to the cotton wool (P2). It was observed that the tempera-
ture at point P1 slightly decreased till 22 min. This is due to the high smoke created 
during the test that affected the measurement procedure.
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Fig. 21.19 Bottom faces of (a) plate without a render and (b) plate with a render, after the fire test 

Another test was conducted on a plate with render. Since it showed no combus-
tion, the test was subsequently stopped after 70 min. However, it was observed that 
the bottom of the plate was burnt. Figure 21.19 shows the bottom faces of the 
samples after each test. Based on these test results, the fire resistance of category 
EI15 according to the standard EN13501-2:2003 [80] was measured for the new 
biocomposite. 

21.4 Conclusions 

Research on mycelium-based biocomposites is becoming popular in recent times 
due to their renewable and biodegradable nature as well as low density and 
hygrothermal properties. The use of agricultural crop by-products is one of the key 
strategies to reduce the use of non-renewable resources. Mycelium-based 
biocomposites, which require lesser energy and lower costs, are sustainable and 
renewable and they can also replace traditional polymer-based insulation materials. 

Research on mycelium-based biocomposites is ongoing, and some technical gaps 
still need to be filled to develop these composites to obtain the desired hygrothermal 
properties. This study focused on the development of a new biocomposite using two 
fungi, Ganoderma resinaceum and Pleurotus ostreatus, grown on Miscanthus fibres 
as an economical and sustainable alternative material for traditional building insula-
tion materials. The data suggested a promising new biocomposite for use in indoor 
building thermal applications in comparison with conventional insulation materials.
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